A study of the environmental factors governing the vertical distribution of intertidal fucoids by Schonbeck, Mark W
 
 
 
 
 
 
 
https://theses.gla.ac.uk/ 
 
 
 
 
Theses Digitisation: 
https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 
This is a digitised version of the original print thesis. 
 
 
 
 
 
 
 
 
Copyright and moral rights for this work are retained by the author 
 
A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge 
 
This work cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the author 
 
The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the author 
 
When referring to this work, full bibliographic details including the author, 
title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 
 
Enlighten: Theses 
https://theses.gla.ac.uk/ 
research-enlighten@glasgow.ac.uk 
A STUDY OF THE ENVIRONMENTAL FACTORS GOVERNING THE VERTICAL 
DISTRIBUTION OF INTERTIDAL FUCOIDS
Mark W. S c h o n b e c k , A.B,
A t h e s i s  s u b m it te d  f o r  t h e  d e g re e  o f  
D o c to r  o f  P h i lo s o p h y  
i n  t h e  F a c u l ty  o f  S c ie n c e
D e p artm en t o f  B o ta n y , 
U n i v e r s i t y  o f  G lasgow ,
Novem ber 197^
ProQuest Number: 10646944
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uesL
ProQuest 10646944
Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
To my pcœents and my e tdev  bro ther Ndets
TABLE OF CONTENTS
1 . INTRODUCTION 1
1 .1  T id e s  and  t i d a l  e x p o su re  2
1 .2  S t r e s s e s  a s s o c i a t e d  w i th  th e  s h o re  g r a d i e n t  3
1 .3  The v e r t i c a l  d i s t r i b u t i o n  o f  i n t e r t i d a l  f u c o id s  5
l , h  P h y s i c a l  and  b i o l o g i c a l  f a c t o r s  i n f lu e n c in g
f u c o id  z o n a t io n  8
1 .4 .1  U pper l i m i t s  9
1 .4 .2  Lower l i m i t s  10
2 . MATERIALS AND METHODS 11
2 .1  S tu d y  s i t e s  11
2 .2  A lg a l  m a t e r i a l  11
2 .3  F i e l d  w ork 12
2 .3 .1  D e te rm in a t io n  o f  t i d a l  l e v e l s  12
2 .3 .2  I n t e r z o n a l  t r a n s p l a n t s  12
2 .4  C u l tu re s  13
2 .4 .1  C u l tu re  c o n d i t io n s  l 4
2 . 4 . 1 . 1  Medium l 4
2 . 4 . 1 . 2  I l l u m i n a t i o n  l 4
2 .4 .1 .3  A e r a t io n  15
2 .4 .1 .4  T e m p e ra tu re  15
2 .4 .2  C o n tro l  o f  c o n ta m in a t io n  15
2 .4 .3  C u l tu re  o f  f u c o id s  from  gam etes l 8
2 . 4 . 3 . 1  R e le a s e ,  f e r t i l i z a t i o n  and  
i n o c u l a t i o n  o f  c u l t u r e s  l 8
2 . 4 . 3 . 2  A ssessm en t o f  g ro w th  o f  em bryos l 8
2 .4 .4  C u l tu r e  o f  young  p l a n t s  19
2 . 4 . 4 . 1  V e s s e ls  and  m o u n tin g  p l a t e s  19
2 . 4 . 4 . 2  A ssessm en t o f  g ro w th  20
2 .4 .5  S im u la t io n  o f  t i d e s  in  c u l t u r e  22
2 .5  M easurem ent o f  d e s i c c a t i o n  r a t e s  and  " c o l l o i d a l
w a te r"  23
2 . 5 .1  R a te  o f  d e s i c c a t i o n  23
2 . 5 . 1 . 1  E x p e r im e n ta l  23
2 . 5 . 1 . 2  C a l c u la t i o n  o f  r a t e  p a ra m e te r s  25
2 .5 .2  C o l lo id a l  w a te r  c o n te n t  26
2 .6  A sse ssm e n ts  o f  e f f e c t s  o f  e n v iro n m e n ta l  s t r e s s e s  2T
2 .6 .1  E x p e r im e n ta l  s t r e s s  c o n d i t io n s  27
2 .6 .2  A sse ssm e n t o f  e f f e c t s  o f  s t r e s s  upon
p h o to s y n th e s i s  28
2 .6 .3  A sse ssm e n ts  o f  e f f e c t s  o f  s t r e s s e s  upon
s u b s e q u e n t  s u r v i v a l  and  g row th  30
3 . FACTORS CONTROLLING UPPER LIMITS 34
3 .1  S u r v iv a l  o f  Fucus s p i r a l i s  and  F . s e r r â t us
t r a n s p l a n t e d  t o  l e v e l s  above t h e i r  u p p e r  l i m i t s  34
3 .2  C r i t i c a l  p h y s ic a l  f a c t o r s :  f i e l d  o b s e r v a t io n s  35
3 .3  A vo idance  o f  t i s s u e  d e s ic c a t i o n  by  f u c o id s  40
3 . 3 .1  R a te s  o f  w a te r  l o s s  b y  in d iv i d u a l  p l a n t s
u n d e r  l a b o r a t o r y  c o n d i t io n s  4 l
3 . 3 .2  E v a p o ra t io n  f l u x e s  com pared w ith  
e v a p o r a t io n  r a t e  from  a f r e e  s e a w a te r
s u r f a c e  46
3 . 3 .3  C o l l o id a l  w a te r  c o n te n t  48
3 . 3 .4  S u r fa c e  t o  m ass r a t i o  51
3 . 3 .5  E f f e c t  o f  t h a l l u s  sh a p e  on r a t e  o f
d e s i c c a t i o n  52
3 . 3 .6  V u l n e r a b i l i t y  t o  d e s i c c a t i o n  i n  n a tu r e ;
r o l e  o f  h a b i t  o f  g ro w th  and  a g g r e g a t io n  56
3 . 3 .7  V u l n e r a b i l i t y  t o  d e s i c c a t i o n  in  n a tu r e :
some o b s e r v a t io n s  on f i r s t - y e a r  p l a n t s  66
3 . 3 .8  Maximum t i s s u e  d e h y d ra t io n  in  n a tu r e  68
3 .4  R e l a t i o n s h ip  b e tw e en  d ro u g h t t o l e r a n c e  and  v e r t i c a l
d i s t r i b u t i o n  on th e  s h o re  69
3 .5  E f f e c t  o f  t a n p e r a t u r e  d u r in g  e x p o su re  on s u r v i v a l  80
3 .6  S u r v iv a l  a f t e r  d e h y d r a t io n  a t  v a r io u s  w a te r
p o t e n t i a l s  85
3 .7  The e f f e c t  o f  r a i n f a l l  d u r in g  low  t i d e  upon f u c o id s  89
3 .8  A sp e c ts  o f  d ro u g h t t o l e r a n c e  and  d ro u g h t h a rd e n in g
i n  u p s h o re  f u c o id s  93
3 .8 .1  R a te  o f  r e i m b i t i o n  o f  w a te r  a f t e r
r e s u b m e rs io n  93
3 .8 .2  C auses o f  t h e  i n i t i a l  w e i # i t  l o s s  95
3 .8 .3  The r e l a t i o n s h i p  b e tw e en  p e r c e n t  d ry  m a t t e r
an d  d ro u g h t t o l e r a n c e  97
3 .8 .4  The e f f e c t  o f  p l a n t  s i z e  on d ro u g h t t o l e r a n c e  105
3 .9  E f f e c t s  o f  l i m i t e d  a v a i l a b i l i t y  o f  n u t r i e n t s  and  
d i s s o lv e d  c a rb o n  d io x id e  upon g ro w th  o f  u p s h o re
f u c o id s  107
3 . 9 . 1  C om parison  o f  g ro w th  r a t e s  i n  P e l v e t i a ,
Fucus s p i r a l i s  an d  F . s e r r â t us u n d e r  t h r e e  
d i f f e r e n t  t i d a l  re g im e s  108
3 . 9 . 2  A d a p ta t io n s  o f  u p s h o re  fu c o id s  t o  n u t r i e n t  
s c a r c i t y  a s s o c i a t e d  w ith  t i d a l  e x p o s u re  109
3 . 9 .3  U t i l i z a t i o n  o f  a tm o s p h e r ic  c a rb o n  d io x id e
by  u p s h o re  f u c o id s  112
3 .1 0  D is c u s s io n  1 1 5
4 . FACTORS CONTROLLING LOWER LIMITS 136
4 .1  S u r v iv a l  and  g ro w th  o f  P e l v e t i a  and  F . s p i r a l i s
t r a n s f e r r e d  t o  l e v e l s  b e lo w  t h e i r  n o rm a l zones 136
4 .2  The e s ta b l i s h m e n t  o f  P e l v e t i a  i n  t h e  F . s p i r a l i s
zone a f t e r  t h e  rem o v a l o f  F. s p i r a l i s  l4 o
4 .3  The p r o c e s s  o f  i n t e r s p e c i f i c  c o m p e t i t io n  i n  m ixed
stands o f young p la n ts  l46
4 .4  C om parison  o f  g ro w th  r a t e  o f  P e l v e t i a  w i th  t h a t
o f  F. s p i r a l i s  l4 7
4 .4 .1  Growth r a t e s  o f  em bryos l4 7
4 .4 .2  P h o to s y n th e t ic  r a t e s  and  g row th  c h a r a c t e r ­
i s t i c s  o f  m a c ro s c o p ic  p l a n t s  l4 7
4 .5  The e f f e c t  o f  r e d u c e d  i l l u m i n a t i o n  upon g row th
r a t e s  o f  young p l a n t s  154
4 .6  The e f f e c t  o f  F . s p i r a l i s  upon th e  s u r v i v a l  and
g ro w th  o f  P e l v e t i a  i n  c u l t u r e  I 63
4 .7  E f f e c t  o f  p ro lo n g e d  su b m e rs io n  on P e l v e t i a  I 65
4 .8  The r o l e  o f  i n t e r s p e c i f i c  c o m p e t i t io n  i n  d e te rm in in g  
r e l a t i v e  ab u n d an ces  o f  Fucus sp p . an d  A scophy llum
a t  v a r io u s  l e v e l s  on t h e  s h o re  I 66
4.9 D iscussion
5. GENERAL DISCUSSION AND CONCLUSIONS
I T l
182
APPENDIX A. 
APPENDIX B.
APPENDIX G. 
APPENDIX D.
APPENDIX E,
APPENDIX F.
C u l tu re  medium
R e p r o d u c ib i l i t y  o f  w et w e ig h t m easurem ent
and s o u rc e s  o f  e r r o r
D e s ig n  o f  t i d a l  s im u la to r
T o x ic i ty  t e s t  on p l a s t i c s  u s e d  i n  t i d a l
s im u la to r
D e r iv a t io n  o f  mean c o r r e c t i o n  f a c t o r s  f o r  
e s t im a t in g  s u r f a c e  a r e a  i n  P e l v e t i a  an d  
A scophy llum  from  p h o to co p y
C a lc u la t i o n  o f  i n i t i a l  w e ig h t change c a u se d  
b y  in c o m p le te  r e i m b ib i t i o n  o f  w a te r  and  b y  l o s s  
o f  t i s s u e  d ry  m a t t e r
REFERENCES
187
188 
190
192
193  
195
197
LIST OF TABLES
1 . F e a tu r e s  o f  g ro w th  fo rm  an d  l i f e  c y c le  o f  t h e  f i v e
common i n t e r t i d a l  f u c o id s  6
2 . Mean l e n g th  o f  _F. s p i r a l i s  em bryos a f t e r  28 d a y s ,  and
i n t e n s i t y  o f  a l g a l  c o n ta m in a t io n  i n  f i v e  d i f f e r e n t  
d i l u t i o n s  o f  c u l t u r e  medium l 6
3 . S u r v iv a l  in d e x  u s e d  t o  a s s e s s  im p ac t o f  e x p o s u re  t o
s t r e s s  on young  p l a n t s  32
h. C o r r e l a t i o n  c o e f f i c i e n t s  b e tw e e n  t h r e e  p a ra m e te r s  o f
s u r v i v a l  a f t e r  d e s i c c a t i o n  33
5 . S u r v iv a l  an d  g ro w th  o f  Fucus s p i r a l i s  an d  F. s e r r a t u s
t r a n s p l a n t e d  t o  l e v e l s  above t h e i r  u p p e r  l i m i t s  36
6 . C om parison  o f  t h e  f r e q u e n c y  o f  ex trem e  w e a th e r  
c o n d i t i o n s , s m a l l  t i d e s  an d  c r i t i c a l  days i n  May
th ro u g h  A ugust o f  19T5 an d  1976 39
7 . Mean v a lu e s  o f  s u r f a c e  t o  m ass r a t i o  and  d e s i c c a t i o n  
r a t e s  i n  e ig h t  p l a n t s  ea ch  o f  P e l v e t i a , F. s p i r a l i s
and  _F. s e r r a t u s  45
8 . P e r c e n t  d ry  m a t t e r  and  c o l l o i d a l  w a te r  c o n te n ts  o f  
P e l v e t i a , F . s p i r a l i s  and  F . s e r r a t u s  m ea su red  a t  
d i f f e r e n t  w a te r  p o t e n t i a l s  an d  a t  d i f f e r e n t  t im e s
o f  y e a r  49
9 . S u r fa c e  t o  m ass r a t i o  i n  young  p l a n t s  an d  b la d e s  o f  
a d u l t  p l a n t s  o f  P e l v e t i a , F . s p i r a l i s , F . s e r r a t u s
and  A scophy llum  51
1 0 . .  Mean w e ig h t  and  b ra n c h  o v e r l a p  o f  P e l v e t i a  and  F.
s p i r a l i s  i n  f o u r t e e n  l e n g th  c l a s s e s  59
1 1 . R e p o r te d  b io m a ss  d e n s i t i e s  o f  i n t e r t i d a l  f u c o i d s ,
an d  i n f e r r e d  r a t i o  o f  ex p o sed  s u r f a c e  t o  b io m a ss  60
12 . T h ic k n e ss  o f  c o v e r  an d  num ber o f  t h a l l u s  l a y e r s  in  
s ta n d s  o f  A sc o p h y llu m , F . s p i r a l i s  a n d  P e l v e t i a  a t
t h e  N o rth  S l i p  6 l
1 3 . T h ic k n e ss  and  num ber o f  t h a l l u s  l a y e r s  in  m a tu re  s ta n d s
o f  P e l v e t i a  an d  P . s p i r a l i s  a t  F a r la n d  B ig h t  62
1 4 . Number o f  t h a l l u s  l a y e r s ,  b io m a ss  d e n s i t y  a n d  r a t i o  o f  
ex p o sed  s u r f a c e  t o  b io m a ss  i n  j u v e n i l e  and  m a tu re  
p o p u la t io n s  o f  P e l v e t i a  and  F. s p i r a l i s  63
1 5 . Number o f  t h a l l u s  l a y e r s  i n  P e l v e t i a  and  _F. s p i r a l i s
a t  two d i f f e r e n t  s h o re s  on I s l e  o f  Cumbrae 65
1 6 . C o l lo id a l  w a te r  c o n te n t  an d  e s t im a te d  p e r c e n t  w a te r  
l o s s  an d  t i s s u e  w a te r  p o t e n t i a l  o f  f u c o id  sam p les  
c o l l e c t e d  a f t e r  p r o lo n g e d  d e s i c c a t i o n  in  n a tu r e  70
1 7 . Oxygen e v o lu t io n  r a t e s  o f  P e l v e t i a , F , s p i r a l i s  an d
A scophy llum  w i th  an d  w i th o u t  d ry in g  im m e d ia te ly  b e f o r e
in c u b a t io n .  71
1 8 . Oxygen e v o lu t io n  r a t e s  o f  P e l v e t i a , F . s p i r a l i s  and
A scophy llum  w i th  and  w i th o u t  tw e n ty - f o u r  h o u rs  d ry in g
and f o u r  h o u rs  r e c o v e r y  i n  s e a w a te r  b e f o r e  i n c u b a t io n  72
1 9 . Oxygen e v o lu t io n  r a t e  o f  P e l v e t i a  and  F . s p i r a l i s  b e f o r e
and  a f t e r  n i n e t y  h o u rs  d ry in g  and  t e n  h o u rs  r e c o v e r y
in  s e a w a te r  73
2 0 . R em ain ing  w a te r  c o n te n t  i n  P e l v e t i a , F . s p i r a l i s  and  
Z* s e r r a t u s  a f t e r  f i v e  h o u rs  d ry in g  a t  2 5 . 5~27°C ,
-9 0 0  t o  -1 0 1 5  b a r s  w a te r  p o t e n t i a l  74
21 . E f f e c t s  o f  d e s i c c a t i o n  on P e l v e t i a . F . s p i r a l i s  and  
_F. s e r r a t u s  a s s e s s e d  b y  oxygen  e v o lu t io n  r a t e s ,
s u r v i v a l  and  g ro w th  r a t e s  75
22 . Changes i n  w e ig h t o f  P e l v e t i a , F . s p i r a l i s  and
F . v e s ic u lo s u s  p l a n t s  d u r in g  e x p o su re  a t  2 3 .8 - 2 6 .7 ° C ,
w a te r  p o t e n t i a l  -7 3 0  t o  -9 7 0  b a r s  j6
2 3 . S u r v iv a l  an d  g ro w th  o f  P e l v e t i a , F. s p i r a l i s  and
F. v e s ic u lo s u s  a f t e r  d ry in g  f o r  v a r io u s  p e r io d s  o f  t im e  77
24 . R em ain ing  w a te r  c o n t e n t ,  s u r v i v a l  and  g row th  o f  
A scophy llum  a f t e r  se v e n  h o u rs  d r y in g  a t  tw o d i f f e r e n t  
te m p e r a tu r e s  and  w a te r  p o t e n t i a l s  78
25. S u r v iv a l  and  g ro w th  o f  P e l v e t i a , F , s p i r a l i s  and  
F . s e r r a t u s  a f t e r  se v e n  days e x p o su re  a t  6 -9 °C ,
79- 81% r e l a t i v e  h u m id ity  79
2 6 . S u r v iv a l  and  g ro w th  o f  P e l v e t i a  a f t e r  d r y in g  f o r  
tw e n ty - f o u r  h o u rs  a t  a  w a te r  p o t e n t i a l  o f  -3 9 5  b a r s
a t  9°C an d  a t  25°C . 8 l
2 7 . C o l lo id a l  w a te r  c o n te n t  i n  sam p les  o f  P e l v e t i a  and  F . 
s p i r a l i s  a i r - d r i e d  a t  9^C an d  a t  25°C a t  f o u r
d i f f e r e n t  w a te r  p o t e n t i a l s  82
2 8 . P e r c e n t  w e ig h t change i n  sam p les  o f  P e l v e t i a  and
Z* s p i r a l i s  d u r in g  e le v e n  h o u rs  in  two e x p e r im e n ta l  
d e s ic c a t i o n  t r e a tm e n t s  a f t e r  p r e l im in a r y  a i r - d r y i n g  
i n  th e  l a b o r a t o r y  83
2 9 . S u r v iv a l  an d  g ro w th  o f  P e l v e t i a  and  F . s p i r a l i s  a f t e r  
d ry in g  t o  t h e  same t i s s u e  w a te r  c o n te n t s  a t  two
d i f f e r e n t  t e m p e r a tu r e s  84
3 0 . C o n d i t io n  o f  P e l v e t i a  and  F . s p i r a l i s  d r i e d  t o
d i f f e r e n t  w a te r  p o t e n t i a l s  a t  9 °C an d  a t  25°C , t h e n  
c u l t u r e d  f o r  t e n  days 85
3 1 . S t a t i s t i c a l  t e s t s  o f  s i g n i f i c a n c e  o f  t r e n d s  i n  s u r v i v a l
and  g ro w th  r e l a t e d  t o  w a te r  p o t e n t i a l  d u r in g  e x p o su re  86
3 2 . t - v a l u e s  f o r  d i f f e r e n c e s  b e tw e e n  e f f e c t s  o f  d ry in g  a t
9^C and  25°C on F . s p i r a l i s  a t  f o u r  d i f f e r e n t  w a te r  
p o t e n t i a l s  87
3 3 . S u r v iv a l  and  g row th  o f, P e l v e t i a  a f t e r  e x p o su re  a t  9^C
a t  h ig h  h u m id i ty  and  a t  0% h u m id i ty  87
3 4 . R em ain ing  w a te r  c o n t e n t ,  s u r v i v a l  and  g ro w th  o f
P e l v e t i a  a f t e r  e x p o s u re  a t  2 4 ,4  -  2 9 .4 ^ 0  f o r  90 h o u rs  
a t  t h r e e  d i f f e r e n t  w a te r  p o t e n t i a l s .  A ir  c o n s t a n t ly  
r e p l e n i s h e d  t o  p r e v e n t  oxygen  d e p le t io n  88
3 5 . R em ain ing  w a te r  c o n t e n t ,  s u r v i v a l  and  g row th  o f  F .
s p i r a l i s  a f t e r  e x p o s u re  a t  2 4 .4  -  29*4°C f o r  28 h o u rs  
a t  t h r e e  d i f f e r e n t  w a te r  p o t e n t i a l s .  A ir  c o n s t a n t ly  
r e p l e n i s h e d  t o  p r e v e n t  oxygen  d e p le t i o n  89
3 6 . P e r c e n t  d ry  m a t t e r ,  s u r v i v a l  an d  g row th  o f  P e l v e t i a  
a f t e r  e x p o s u re  to  s im u la te d  r a i n f a l l  a t  9^C and  a t
25°C 90
37. P e r c e n t  d ry  m a t t e r ,  s u r v i v a l  a n d  g ro w th  o f  F . s p i r a l i s • 
a f t e r  e x p o su re  t o  s im u la te d  r a i n f a l l  a t  9°0  an d  a t
25°C 91
38. Growth o f  F , s p i r a l i s  a f t e r  d e s i c c a t i o n ,  s im u la te d
r a i n f a l l  o r  b o th  93
39* P e r c e n t  o f  w a te r  l o s s  r e g a in e d  d u r in g  t h i r t y  m in u te s
re su b m e rg e n c e  a f t e r  d ry in g  f o r  d i f f e r e n t  l e n g th s  o f  
t im e  94
40. C o n t r ib u t io n  o f  in c o m p le te  r e i m b i b i t i o n  an d  o f  l o s s
o f  t i s s u e  s u b s ta n c e s  t o  i n i t i a l  w e ig h t l o s s  in  P e l v e t i a
an d  F. s p i r a l i s  96
41 . R e la t i o n s h ip  b e tw e e n  p e r c e n t  d ry  m a t t e r  and  r e l a t i v e
w e ig h t g a in  p e r  day i n  P e l v e t i a  and  F . s p i r a l i s  98
42 . S e a s o n a l  v a r i a t i o n  i n  d ro u g h t r e s i s t a n c e  i n  P e l v e t i a
and  F. s p i r a l i s  99
4 3 . P e r c e n t  d ry  m a t t e r ,  c o l l o i d a l  w a te r  c o n te n t  and  
s u r v i v a l  a f t e r  f o r t y - f o u r  h o u rs  e x p o s u re , m easu red
in  u n h a rd e n e d  and  h a rd e n e d  p l a n t s  o f  F . s p i r a l i s  102
44 . D rough t t o l e r a n c e  i n  sam p les  o f  F. s p i r a l i s  c o l l e c t e d
from  th e  u p p e r  and  lo w e r  p a r t  o f  i t s  zone 103
4 5 . P e r c e n t  d ry  m a t t e r  an d  e f f e c t  o f  d e s i c c a t i o n  upon 
p h o to s y n th e s i s  i n  P e l v e t i a  and  F. s p i r a l i s  t r a n s p l a n t e d  
t o  t h e  u p p e r  s h o re  and  t o  t h e  m id d le  s h o re  f i v e  and
one h a l f  m onths p r i o r  t o  t h e  d e te r m in a t io n  104
46. P e r c e n t  d ry  m a t t e r ,  and  s u r v i v a l  an d  g row th  a f t e r  
d e s i c c a t i o n  i n  s m a l l  an d  l a r g e  p l a n t s  o f  P e l v e t i a
and F . s p i r a l i s  1 0 6
4 7 . L in e a r  g ro w th , r e l a t i v e  w e ig h t g a in  an d  i n c r e a s e  i n  
num ber o f  a p ic e s  o f  P e l v e t i a , F . s p i r a l i s  an d  F.
s e r r a t u s  c u l t u r e d  i n  t h r e e  s im u la te d  t i d a l  c y c le s  108
48. L in e a r  g row th  and  r e l a t i v e  w e ig h t g a in  o f  P e l v e t i a  
an d  P . s p i r a l i s  g ro w n ■i n  f o u r  d i f f e r e n t  c u l t u r e  .
m ed ia  u n d e r  tw o d i f f e r e n t  t i d a l  c y c le s  111
4 9 . C om parison  o f  g ro w th  r a t e s  i n  P e l v e t i a  and  F . 
s p i r a l i s  e x p o se d  d u r in g  l i g h t  p e r io d  w ith  g row th
r a t e s  i n  p l a n t s  subm erged  d u r in g  l i g h t  p e r io d  113
5 0 . P e r c e n t  d ry  m a t t e r ,  c o l l o i d a l  w a te r  c o n te n t  and  
i n i t i a l  w e ig h t  ch an g e  a f t e r  d ry in g  i n  P e l v e t i a  
an d  F . s p i r a l i s  m e a su re d  a f t e r  tw e n ty - f o u r  days
in  two t i d a l  regimes l l 4
51 . R e l a t i o n s h ip  b e tw e e n  s e v e r i t y  o f  e f f e c t s  o f  
d e h y d ra t io n  s t r e s s e s  upon d i f f e r e n t  f u c o id s  and
t h e i r  r e l a t i v e  p o s i t i o n s  on th e  s h o re  117
5 2 . C om parison  b e tw e e n  l o n g e s t  t i d a l  e x p o s u re  a t  t h e  
u p p e r l i m i t s  o f  e a ch  o f  t h e  f i v e  f u c o id  s p e c ie s  
and  t h e i r  d ro u g h t t o l e r a n c e s  a s  m ea su red  i n  t h e
l a b o r a t o r y  119
5 3 . C om parison  o f  l i n e a r  g ro w th  r a t e s  o f  P e l v e t i a  
an d  F . s p i r a l i s  i n  c u l t u r e  w i th  r a t e s  o b s e rv e d
i n  n a t u r a l  p o p u la t io n s  131
54 . Growth r a t e s  o f  P e l v e t i a  and  F . s p i r a l i s
t r a n s p l a n t e d  t o  l e v e l s  b e lo w  t h e i r  u s u a l  lo w e r  l i m i t s  138
55* A bundance an d  l e n g t h  o f  P e l v e t i a  and  F. s p i r a l i s
g e rm lin g s  w i t h in  t h e  F . s p i r a l i s  zone se v e n  an d  e ig h t
months a f te r  removal o f macroalgae and barnacles  l42
5 6 . S u r v iv a l  an d  g row th  o f  f i r s t - y e a r  F . s p i r a l i s  and 
P e l v e t i a  d u r in g  summer 1975 i n  q u a d ra t  c l e a r e d  o f
F . s p i r a l i s  i n  Ju n e  1974 l 4 s
5 7 . C ourse  o f  g ro w th  o f  F , s p i r a l i s  and  o f  P e l v e t i a  i n
subsquare8 w ith and w ithout F. s p i r a l i s  l44
58 . C om parison  o f  oxygen  e v o lu t io n  r a t e s  o f  P e l v e t i a
and F. s p i r a l i s  l48
59* C om parison  o f  r e l a t i v e  w e ig h t  g a in  o f  P e l v e t i a  w i th
t h a t  o f  F . s p i r a l i s  14-9
60 . C om parison  o f  l i n e a r  g ro w th  r a t e  o f  P e l v e t i a  w i th
t h a t  o f  P. s p i r a l i s  150
61 . N et g ro w th  r a t e  and  maximum g ro w th  r a t e  i n  n a t u r a l
p o p u la t io n s  o f  P e l v e t i a  and  F . s p i r a l i s  153
6 2 . G rowth r a t e s  o f  P e l v e t i a , F . s p i r a l i s  and  F . s e r r a t u s
c u l t u r e d  u n d e r  tw o d i f f e r e n t  i r r a d i a n c e s  155
6 3 . Growth r a t e s  o f  P e l v e t i a , F . s p i r a l i s  and  A scophy llum
c u l t u r e d  u n d e r  tw o d i f f e r e n t  i r r a d i a n c e s  I 56
64. Growth r a t e s  o f  P e l v e t i a  and A scophu llum  a t  tw o low
l e v e l s  o f  i r r a d i a n c e  157
6 5 . T o ta l  g lo b a l  s o l a r  r a d i a t i o n  p e r  day and  mean
i r r a d i a n c e  a v a i l a b l e  t o  u n sh a d e d  p l a n t s  and  t o  p l a n t s  
b e n e a th  _F. s p i r a l i s  b la d e s  159
66. Growth o f  P e l v e t i a  em bryos a f t e r  d a rk  p e r io d s  o f
v a r io u s  d u r a t io n s  I 61
6 7 . Growth o f  F. s p i r a l i s  em bryos a f t e r  d a rk  p e r io d s  o f
v a r io u s  d u r a t io n s  I 62
68 . E f f e c t  o f  _F. s p i r a l i s  on t h e  g ro w th  o f  P e l v e t i a  em bryos
in  c u l t u r e  l6 4
6 9 . E f f e c t  o f  F . s p i r a l i s  on t h e  g ro w th  o f  young  p l a n t s  o f
P e l v e t i a  i n  c u l t u r e  l6 4
7 0 . I n t e n s i t y  o f  d ecay  an d  e p ip h y t i c  g row th  on P e l v e t i a  i n
c u l t u r e s  w i th  d i f f e r e n t  m ed ia  and  u n d e r  d i f f e r e n t  t i d a l  
re g im e s  I 65
7 1 . L e n g th , w id th  and  r a t i o  o f  mean l e n g th  t o  mean w id th  
i n  tw e n ty - e ig h t  day o ld  em bryos o f  A scophy llum  and
t h r e e  s p e c ie s  o f  Fucus I 67
7 2 . L e n g th , w id th  and  g ro w th  r a t e s  o f  t h e  f i v e  l a r g e s t
p l a n t s  in  l l 4  day o ld  c u l t u r e s  o f  A scophy llum  an d  t h r e e  
s p e c ie s  o f  Fucus I 67
73 . C om parison  o f  l i n e a r  growth, r a t e  and  r e l a t i v e  w e ig h t 
g a in s  o f  A sco p h y llu m  an d  _F. s e r r a t u s  w i th  t h o s e  o f
P e l v e t i a  an d  F . s p i r a l i s  l6 8
7 4 . N et g ro w th  r a t e  and  maximum g ro w th  r a t e  in  young
A scophy llum  an d  g p i r a l i s  i n  m ixed  s ta n d  170
75. Head l e n g t h  and  w id th  o f  F . s p i r a l i s , F . s e r r a t u s
and  A scophy llum  em bryos a f t e r  tw e n ty - s e v e n  days
in  c u l t u r e  u n d e r  tw o l e v e l s  o f  i r r a d i a n c e  I 7I
7 6 . E x p e c te d  t o t a l  i r r a d i a n c e s  b e tw e en  350 and  7OO mm 
i n  th e  P e l v e t i a  zone an d  a t  m id sh o re  a t  I s l e  o f  
Cumbrae a t  noon on midsummer day and  m id w in te r  day 
u n d e r  d i f f e r e n t  w e a th e r  c o n d i t io n s  and d i f f e r e n t
t i d a l  h e ig h t s  173
7 7 . Growth r a t e s  o f  f u c o id s  i n  n a tu r e  176
7 8 . S t a t i s t i c a l  a n a ly s i s  o f  d i f f e r e n c e  b e tw een  tw o 
w e ig h in g s  ta k e n  on ea ch  o f  f i f t y  P e l v e t i a  and
f i f t y  F. s p i r a l i s  188
79* A n a ly s is  o f  v a r i a n c e  i n  w e ig h ts  o f  f i v e  P e l v e t i a
p l a n t s , f i v e  _F. s p i r a l i s  p l a n t s  and  f o u r  A scophy llum
p l a n t s ,  each  w e ig h e d  f i v e  t im e s .  1^5
8 0 . Growth o f  f u c o id  em bryos i n  p r e s e n c e  and  a b se n c e  o f  
t h r e e  p l a s t i c  m a t e r i a l s  u s e d  i n  t i d a l  s im u la to r
LIST OF FIGURES
1 . V e r t i c a l  d i s t r i b u t i o n  o f  f i v e  common i n t e r t i d a l
f u c o id s  a t  v a r io u s  E u ro p ean  s h o re s  6
2 . V e r t i c a l  d i s t r i b u t i o n  o f  f i v e  common i n t e r t i d a l
f u c o id s  a t  I s l e  o f  Cumbrae 7
3 . Map o f  I s l e  o f  Cumbrae and  e n v iro n s  show ing s tu d y
s i t e s  11
4 . M ethod o f  a t t a c h i n g  young  p l a n t s  t o  p e r s p e x  p l a t e s  20
5“ 9 . O bserved  ch an g es  i n  t h e  u p p e r  l i m i t  o f  Fucus
s p i r a l i s  r e l a t e d  t o  w e a th e r  c o n d i t io n s  and  t i d a l  
h e ig h t s  37
10 . C ourse  o f  d e s i c c a t i o n  i n  young  p l a n t s  o f  P e l v e t i a ,
Fucus s p i r a l i s  and  F . s e r r a t u s  42
1 1 . R e la t i o n s h ip  b e tw e e n  r e l a t i v e  t i s s u e  d e h y d ra t io n  
r a t e  and  f r e s h  w e ig h t  i n  P e l v e t i a , s p i r a l i s
and  F. s e r r a t u s  42
1 2 . C ou rse  o f  d e s i c c a t i o n  i n  i n d i v i d u a l  p l a n t s  o f
P e l v e t i a , F . s p i r a l i s  and  F. s e r r a t u s  43
1 3 . R e l a t i o n s h ip  b e tw e e n  e v a p o r a t io n  f l u x  r a t e  and  
s u r f a c e  a r e a  i n  P e l v e t i a , F . s p i r a l i s  and  F.
s e r r a t u s  45
14 . Dry m a t t e r  c o n te n t  an d  c o l l o i d a l  w a te r  c o n te n t  i n
d i f f e r e n t  t i s s u e s  o f  s i x  a l g a l  s p e c ie s  50
1 5 . R e l a t i o n s h ip  b e tw een  p e r c e n t  d ry  m a t te r  and  p e r c e n t
o f  w a te r  c o n te n t  r e t a i n e d  a t  -4 4 0  b a r s  w a te r  
p o t e n t i a l  i n  F . s e r r a t u s  b la d e  t i s s u e  50
1 6 . D im ensions o f  t h a l l u s  c r o s s  s e c t i o n  from  w h ich
s u r f a c e  t o  volum e r a t i o  was e s t im a te d  53
1 7 . R e l a t i o n s h i p  b e tw e e n  r e l a t i v e  t i s s u e  d e h y d ra t io n
r a t e  and  s u r f a c e  t o  m ass r a t i o  i n  d i f f e r e n t  f u c o id  
t i s s u e s  54
18 . R e la t i o n s h ip  b e tw e e n  r e l a t i v e  t i s s u e  d e h y d ra t io n  
r a t e  and  s u r f a c e  t o  m ass r a t i o  i n  s t i p e s  and
b la d e s  o f  L a m in a r ia  d i g i t a t a  55
1 9 . D iag ram m atic  i l l u s t r a t i o n  o f  e v a p o ra t io n  from  
b la d e  an d  s t i p e  o f  Fucus and  c h a n n e l le d  t h a l l u s
o f  P e l v e t i a  58
2 0 . R eco v ery  o f  p h o t o s y n t h e t i c  r a t e  a f t e r  d ry in g  i n
t h r e e  p l a n t s  ea ch  o f  P e l v e t i a  and  F. s p i r a l i s  72
21 . I n i t i a l  w e ig h t  change i n  P e l v e t i a  and  F . s p i r a l i s
a f t e r  d r y in g  a t  v a r io u s  w a te r  p o t e n t i a l s  85
2 2 . L in e a r  g ro w th  in  P e l v e t i a  and  F . s p i r a l i s  a f t e r
d ry in g  a t  v a r io u s  w a te r  p o t e n t i a l s  85
2 3 . R e l a t i v e  w e ig h t g a in  i n  P e l v e t i a  and  F. s p i r a l i s
a f t e r  d ry in g  a t  v a r io u s  w a te r  p o t e n t i a l s  85
24. I n i t i a l  w e ig h t  change  and  s u r v i v a l  in d e x  in  
P e l v e t i a  d r i e d  f o r  v a r io u s  p e r io d s  o f  t im e  a t
t h r e e  d i f f e r e n t  r e l a t i v e  h u m id i t i e s  87
2 5 . L in e a r  g row th  and  r e l a t i v e  w e ig h t  g a in  in  P e l v e t i a  
d r i e d  f o r  v a r io u s  p e r io d s  o f  t im e  a t  t h r e e
d i f f e r e n t  r e l a t i v e  h u m id i t i e s  87
2 6 . C ourse  o f  r e i m b ib i t i o n  o f  w a te r  a f t e r  d ry in g  in  
P e l v e t i a , F . s p i r a l i s  and  F. s e r r a t u s  95
2 7 . R e l a t i o n s h ip  b e tw e en  i n i t i a l  w e ig h t l o s s  a f t e r
d ry in g  and  r a t i o  o f  a i r - d r y  w e ig h t t o  w et w e ig h t
in  F. s p i r a l i s  97
2 8 . R e l a t i o n s h i p  b e tw e e n  r e l a t i v e  w e ig h t g a in  d u r in g  
t e n  days a f t e r  d r y in g  an d  r a t i o  o f  a i r - d r y  w e ig h t
to  w et w e ig h t  i n  F . s p i r a l i s  9T
2 9 . R e l a t i o n s h ip  b e tw e e n  s u r v i v a l  in d e x  a f t e r  d ry in g
and  r a t i o  o f  a i r - d r y  w e ig h t  t o  w e t w e ig h t i n
F. s p i r a l i s  97
30. Mean p e r c e n t  d ry  m a t t e r  i n  sam p les  o f  P e l v e t i a  and
F. s p i r a l i s  c o l l e c t e d . a t  d i f f e r e n t  t im e s  o f  y e a r  99
31. R e la t i o n s h ip  b e t w e e n . r e l a t i v e  w e ig h t g a in  d u r in g  
t e n  days a f t e r  d r y in g  and  i n i t i a l  w et w e ig h t  in
F . s p i r a l i s  106
32 . R e l a t i o n s h ip  b e tw e e n  i n i t i a l  w e ig h t l o s s  a f t e r  
d ry in g  and  r a t i o  o f  a i r - d r y  w e ig h t t o  w et w e ig h t 
in  F . s p i r a l i s  w i th  and  w i th o u t  v a r io u s  p r e ­
t r e a tm e n ts  127
33. C ou rse  o f  g ro w th  o f  F . s p i r a l i s  p l a n t s  
t r a n s p l a n t e d  i n t o  t h e i r  own zone and  t o  th e
m id sh o re  139
34. C ourse  o f  g ro w th  o f  P e l v e t i a  p l a n t s  t r a n s p l a n t e d
i n t o  t h e i r  own zone and  t o  t h e  m id sh o re  139
35. C ourse  o f  g row th  o f  P e l v e t i a  and  F . s p i r a l i s
em bryos l4 7
36 . R e la t i o n s h ip  b e tw e e n  i n i t i a l  l e n g t h  and  g row th
r a t e  o f  P e l v e t i a  i n  c u l t u r e  151
3 7 . C ourse  o f  g ro w th  o f  em bryos o f  A scophy llum  and
t h r e e  s p e c ie s  o f  Fucus 166
3 8 . D iag ram m atic  i l l u s t r a t i o n  o f  t i d a l  s im u la to r  190
3 9 . P o s i t i o n s  o f  p h o to r e c e p to r  u s e d  f o r  l i g h t  
m easu rem en ts  i n  t i d a l  s im u la to r  191
40 . D im ensions u s e d  t o  c a l c u l a t e  p e r im e te r  o f
P e l v e t i a  c ro s s  s e c t i o n  ^93
LIST OF PLATES
1 . D i s t i n c t  b e l t s  o f  P e l v e t i a , F . s p i r a l i s  and
A scophy llum  on a  m o d e ra te ly  s t e e p  ro c k  s lo p e  7
2 , V ery d i s t i n c t  b o u n d a ry  b e tw e en  P e l v e t i a  and
F. s p i r a l i s  on a  n e a r l y  v e r t i c a l  ro c k  f a c e  7
3- P e l v e t i a ,  F. s p i r a l i s  and  A scophy llum  g row ing
t o g e t h e r  n e a r  MEîWN on a n e a r l y  l e v e l  b e a c h  w i th  
lo o s e  s to n e s  8
4. T h ree  s p e c ie s  o f  Fucns o c c u r r in g  t o g e t h e r  on
th e  m id d le  s h o re  8
5 . P e l v e t i a  and  F. s p i r a l i s  zones i n  May 1 9 7 4 ; 
h i g h e s t  g ro w in g  p l a n t s  show ing  s e v e re  t i s s u e
damage r e s u l t i n g  from  p h y s io l o g i c a l  s t r e s s  36
6 . P e l v e t i a  and F . s p i r a l i s  zones i n  S ep tem ber 1975s 
show ing  w ide  gap w i th in  w h ich  few P. s p i r a l i s
rem a in  36
7. S e a s o n a l  o c c u r r e n c e  o f  F. s p i r a l i s  a t  .-3.00 m
above c h a r t  datum  36
8 . D ense s ta n d s  o f  young P e l v e t i a  and  F . s p i r a l i s
on t h e  u p p e r  s h o re  67
9 . Young Fucus sp p . g ro w in g  s in g l y  and  i n  s m a ll
g ro u p s  on th e  m id d le  s h o re  67
1 0 . " R e se rv e "  s t r a t e g y  i n  young  F . s p i r a l i s
show ing  s m a l l  h e a l t h y  p l a n t s  b e n e a th  a  d r o u g h t-  
dam aged to p  l a y e r  68
1 1 . P e l v e t i a  and  F. s p i r a l i s  t r a n s p l a n t e d  t o  t h e
m id sh o re  F e b ru a ry  1 9 7 ^ s p h o to g ra p h e d  A ugust 1974 137
12 . F . s p i r a l i s  im m e d ia te ly  a f t e r ,  and  one y e a r
a f t e r  t r a n s f e r  t o  t h e  m id sh o re  139
1 3 . _F" s p i r a l i s  c o n t r o l  t r a n s p l a n t s  im m e d ia te ly
a f t e r ,  and  one y e a r  a f t e r  t r a n s f e r  139
i k .  Q u a d ra t w i t h in  a r e a  c l e a r e d  o f  s p i r a l i s  
Ju n e  19T 4, p h o to g ra p h e d  A p r i l  19T5j show ing 
c a r p e t  o f  young  F. s p i r a l i s  l 4 l
1 5 . C lo s e -u p  p h o to g ra p h  o f  e x p e r im e n ta l  q u a d ra t  
ta k e n  Ju n e  1975 show ing  s m a l l  h e a l th y  P e l v e t i a  
g e rm lin g s  i n  c o n t r a s t  w i th  d ro u g h t-d a m a g e d
F. s p i r a l i s  t h a l l i  l 4 l
1 6 . E x p e r im e n ta l  q u a d ra t  p h o to g ra p h e d  F e b ru a ry  
1 9 7 6 ; F . s p i r a l i s  h a d  b e e n  rem oved from
a l t e r n a t e  s u b s q u a re s  fro m  S ep tem b er 1975 onw ard lk3
1 7 . E x p e r im e n ta l  q u a d ra t  p h o to g ra p h e d  J u ly  1976 
im m e d ia te ly  a f t e r  rem ov ing  F . s p i r a l i s  from
a l l  s u b s q u a re 8 1^3
1 8 . T r a n s e c t  th ro u g h  u p p e r  B]. s p i r a l i s  zone denuded  
by  s e v e r e  d e s i c c a t i o n  i n  summer 1 9 7 5 , p h o to g ra p h e d  
March 1976 and  a g a in  J u ly  1976 1^5
1 9 . F . s p i r a l i s  rem o v a l e x p e r im e n t  i n i t i a t e d  
Decem ber 1975 and  p h o to g ra p h e d  J u ly  1 9 7 6 ,
show ing  P e l v e t i a  in  w eeded  s q u a re s  l4 5
20. F o u r a d ja c e n t  e x p e r im e n ta l  t r a n s e c t s  th ro u g h  
m ixed  s ta n d  o f  young  P e l v e t i a  and  F . s p i r a l i s , 
from  two o f  w h ich  F . s p i r a l i s  was e x c lu d e d
S ep tem b er 1975 th ro u g h  J u ly  1976 l4 6
21. Q u a d ra t l o c a t e d  w i th in  t h e  F . s p i r a l i s  z o n e , 
show ing  r a p i d  d ev e lo p m en t o f  young  F . s p i r a l i s
o v e r  a  n in e  m onth p e r i o d  152
22 . Q u a d ra t l o c a t e d  w i t h in  t h e  P e l v e t i a  zone show ing  
d ev e lo p m en t o f  a  s t a n d  o f  young  P e l v e t i a  o v e r  a
t e n  m onth  p e r i o d  152
2 3 . I n t e r a c t i o n  b e tw e en  F . s p i r a l i s  and  A scophy llum  
i n  q u a d ra t  l o c a t e d  n e a r  t h e  b o u n d a ry  b e tw e en  th e  
two s p e c i e s ’ z o n e s ,  o b s e rv e d  o v e r  a  t e n  m onth
p e r io d  168
ACKNOWLEDGEMENTS
I  w ou ld  l i k e  t o  g iv e  my s i n c e r e s t  th a n k s  t o  my s u p e r v i s o r  
D r. T re v o r  A. N o rto n  who n o t  o n ly  p ro v id e d  e x c e l l e n t  g u id a n c e  and 
in v a lu a b le  i n s i g h t s  b u t  a l s o  g r a n te d  me th e  fre e d o m  t o  e x p lo r e  w i th o u t  
w h ich  t h e  p r e s e n t  w ork  w o u ld  n o t  h a v e  b e e n  p o s s i b l e .  I  am a l s o  
g r a t e f u l  t o  P r o f e s s o r  M alcolm  B. W ilk in s  and  t h e  s t a f f  o f  t h e  
D ep a rtm en t o f  B o ta n y , an d  e s p e c i a l l y  t o  Mr. W illia m  M cN ulty and  M iss 
C h r i s t i a n a  F i l i o n  f o r  t h e i r  h e lp .
I  w ou ld  a l s o  l i k e  t o  th a n k  t h e  s t a f f  o f  t h e  M i l l p o r t  M arine  
B io l o g ic a l  S t a t i o n  f o r  t h e i r  h e lp  an d  h o s p i t a l i t y ,  and  e s p e c i a l l y  
Mr. J u l i a n  C lo k ie  an d  D r. G e o f f re y  Moore f o r  s t i m u l a t i n g  d i s c u s s io n s  
w h ich  c o n t r i b u t e d  much t o  my u n d e r s ta n d in g  o f  t h e  s h o re  e n v iro n m e n t.
th a n k s  a l s o  t o  M rs. L i l l i a s  W illia m so n  f o r  h e r  e x c e l l e n t  
t y p in g  an d  Mr. T. Normaii. T a i t  f o r  a  p r o f e s s i o n a l  jo b  i n  p r e p a r in g  
some o f  t h e  p h o to g ra p h s  and  d ia g ra m s .
I  am g r a t e f u l  t o  D r. H a rry  T. P o w e ll and  D r. P au l. T e t t  o f  
th e  D u n s ta f fn a g e  NM rine R e se a rc h  L a b o r a to ry  o f  t h e  S c o t t i s h  M arine  
B io l o g ic a l  A s s o c i a t i o n ,  f o r  p r o v id in g  o c e a n o g ra p h ic  d a t a .
F i n a l l y ,  I  am g r a t e f u l  t o  t h e  G overnm ent o f  t h e  U n i te d  S t a t e s  o f  
A m erica  w h ich  p ro v id e d  a  N a t io n a l  D e fe n se  E d u c a tio n  A ct F e l lo w s h ip  t o  
f in a n c e  t h e  f i r s t  y e a r  o f  my s t u d i e s .
■ SUMMARY
The aim  o f  t h i s  i n v e s t i g a t i o n  was t o  d e te rm in e  t h e  e n v iro n m e n ta l  
f a c t o r s  t h a t  c o n t r o l  t h e  l i m i t s  o f  v e r t i c a l  d i s t r i b u t i o n  o f  f i v e  
i n t e r t i d a l  s p e c ie s  o f  f u c o id  a lg a e  w h ich  fo rm  a  c h a r a c t e r i s t i c  
se q u e n c e  o f  zones on t h e  s h o r e .
The d e a th  o f  a lg a e  t r a n s p l a n t e d  above t h e i r  n o rm a l l i m i t s ,  
t o g e t h e r  w i th  f i e l d  o b s e r v a t io n s  o f  t h e  s e a s o n a l  t r u n c a t i o n  o f  th e  
u p p e rm o st p l a n t s  i n  n a t u r a l  s t a n d s ,  c l e a r l y  i n d i c a t e d  t h a t  t h e  u p p e r  
l i m i t s  o f  P e l v e t i a , Fucus s p i r a l i s  and  A scophy llum  a r e  d e te rm in e d  by  
t h e i r  a b i l i t y  t o  s u r v iv e  t h e  p ro lo n g e d  d e s i c c a t i o n  o c c a s io n e d  by  
warm d ry  w e a th e r  d u r in g  n eap  t i d e s .
M easurem ents made u n d e r  c o n t r o l l e d  l a b o r a t o r y  c o n d i t io n s  showed 
t h a t  t h e  u p s h o re  s p e c i e s  P e l v e t i a  and  F. s p i r a l i s  do n o t a v o id  t i s s u e  
d e h y d ra t io n  m ore e f f e c t i v e l y  t h a n  t h e  lo w e r  s h o re  s p e c ie s  _F. s e r r a t u s . 
P l a n t s  o f  a l l  t h r e e  s p e c ie s  e v a p o ra te d  w a te r  a t  s i m i l a r  r a t e s ,  w i th  
P e l v e t i a  m a r g in a l ly  t h e  f a s t e s t  ow ing t o  i t s  p e c u l i a r  t h a l l u s  s h a p e .
A l l  t h r e e  s p e c ie s  a l s o  r e t a i n e d  s i m i l a r  am ounts o f  r e s i d u a l  w a te r  when 
a i r - d r i e d  t o  a  low  w a te r  p o t e n t i a l .
I n  n a t u r e ,  m u tu a l p r o t e c t i o n  from  d e s i c c a t i o n  a p p e a rs  t o  b e  l e s s  
i n  m a tu re  s ta n d s  o f  P e l v e t i a  an d  F . s p i r a l i s  th a n  i n  th o s e  o f  t h e  
l a r g e r  m id sh o re  s p e c i e s .  H ow ever, t h e  v u ln e r a b le  z,yq^otes and  young  
^ e y m lin g s  o f  th e  u p s h o re  s p e c ie s  e n jo y  p r o t e c t i o n  from  e x tre m e ly  r a p i d  
d e h y d ra t io n  b y  s e t t l i n g  i n  s h e l t e r e d  m i< 3 ro h ab ita ts  an d  g ro w in g  in  
d e n se  - c a r p e t - l i k e  s t a n d s .
D rought t o l e r a n c e  was a s s e s s e d  i n  t h e  l a b o r a to r y  b y  com paring  
oxygen e v o lu t io n  r a t e s  b e f o r e  d ry in g  an d  on re s u b m e rs io n  a f t e r  d r y in g ,  
an d  by  m e a su r in g  g ro w th  in  c u l t u r e  o v e r  a  10 t o  15 day p e r io d  a f t e r  
an e x p e r im e n ta l  s t r e s s .  A l l  e x c e p t  t h e  lo w -s h o re  s p e c ie s  F . s e r r a t u s  
s u r v iv e d  d e h y d ra t io n  to  a i r - d r y n e s s ,  b u t  t h e  maximum d u r a t io n  f o r  
w h ich  each  s p e c ie s  t o l e r a t e d  t h i s  s t r e s s  c o r r e l a t e d  p r e c i s e l y  w ith  
i t s  p o s i t i o n  i n  t h e  z o n a t io n  s e q u e n c e : P e l v e t i a  > F. s p i r a l i s  >
A scophy llum  > F. v e s ic u lo s u s  > F . s e r r a t u s . P e l v e t i a  de m o n s tra te d  
g r e a t  d ro u g h t t o l e r a n c e  a l l  y e a r  ro u n d , and  c o u ld  b e  a i r - d r i e d  a t  any
t e m p e ra tu re  and  r e l a t i v e  h u m id i ty  w h ich  o c c u rs  on B r i t i s h  s h o re s  
w i th o u t  im m ed ia te  harm . P. s p i r a l i s  o f t e n  s u f f e r e d  s u b l e t h a j  damage 
upon b e in g  a i r - d r i e d ,  and  i t s  d ro u g h t t o l e r a n c e  show ed a  p ro n o u n ce d  
s e a s o n a l  v a r i a t i o n .  I t  was fo u n d  t h a t  s u b s t a n t i a l  d ro u g h t h a rd e n in g  
c o u ld  b e  in d u c e d  i n  t h i s  s p e c i e s  b y  d a i l y  e x p o su re s  t o  a  warm d ry  
a tm o sp h e re .
O th e r  p h y s i c a l  c o n d i t io n s  d u r in g  t i d a l  e x p o su re  can  m o d ify  t h e  
p h y s io l o g i c a l  e f f e c t s  o f  d e h y d r a t io n .  H igh t e m p e r a tu r e  and  h ig h  
h u m id ity  a c c e l e r a t e d  t im e -d e p e n d e n t  i n j u r y  i n  e x p e r im e n t a l l y  d r i e d  
p l a n t s ,  p o s s ib l y  by  i n c r e a s i n g  t h e  r a t e  o f  a d v e rs e  m e ta b o lic  c h a n g e s .
Hence i t  i s  a c t u a l l y  a d v a n ta g e o u s  f o r  P e l v e t i a  and  F . s p i r a l i s  t o  d ry  
q u ic k ly  d u r in g  e x p o s u re  t o  h o t  w e a th e r .  Sudden s im u la te d  r a i n f a l l  upon 
a i r - d r y  p l a n t s  a l s o  a g g r a v a te d  d ro u g h t dam age, a l th o u g h  r a i n  b y  i t s e l f  
seem ed t o  e x e r t  l i t t l e  e f f e c t  on f u c o i d s ,  e i t h e r  i n  t h e  l a b o r a to r y  o r  on 
t h e  s h o re .
W ith  r e g a r d  to  lo w e r  l i m i t s , b o th  P e l v e t i a  and  F . s p i r a l i s  s u r v iv e d  
and  grew  when t r a n s p l a n t e d  t o  l e v e l s  be low  t h e i r  n o rm a l z o n e s . H ow ever, 
P e l v e t i a , u n l ik e  o t h e r  f u c o i d s ,  seem s t o  hav e  a  p h y s i o l o g i c a l l y  d e te rm in e d  
lo w e r  l i m i t  on t h e  s h o r e ,  a s  i t  d e c ay e d  i n  w in t e r  when t r a n s f e r r e d  to  
t h e  m id s h o re ,  and  becam e n e c r o t i c  when k e p t  c o n s t a n t ly  subm erged  i n  
c u l t u r e .
F. s p i r a l i s  grow s much m ore r a p i d l y  in  l e n g th  th a n  P e l v e t i a  and  
form s a s h a d in g  canopy  b e n e a th  w h ich  P e l v e t i a  a p p a r e n t ly  c a n n o t grow . 
P e l v e t i a  zy^o te j s e t t l e d ,  g e rm in a te d  and  grew  n o rm a lly  w i th in  t h e  F . 
s p i r a l i s  zone when t h e  l a t t e r  s p e c i e s  was e x p e r im e n ta l ly  w eeded  o u t .  
H ow ever, P e l v e t i a  was n e v e r  o b s e rv e d  t o  d e v e lo p  i n t o  m a c ro sc o p ic  p l a n t s  
w i th in  n a t u r a l  s ta n d s  o f  F . s p i r a l i s  even  w here  t h e  canopy  was b ro k e n . 
T h ere  i s  no e v id e n c e  t h a t  F , s p i r a l i s  c o u ld  d i r e c t l y  e l im in a te  P e l v e t i a  
by  e i t h e r  w h ip la s h  e f f e c t  o r  b y  s h a d in g . I n d e e d , i n  c u l t u r e ,  th e  
g e rm lin g s  o f  a l l  i n t e r t i d a l  f u c o id s  i n c lu d in g  P e l v e t i a  c o u ld  re m a in  
v i a b l e  f o r  lo n g  p e r io d s  o f  t im e  i n  t o t a l  d a rk n e s s .  H ow ever, i n  t h e  
l i g h t , t h e  em bryos o f  P e l v e t i a  w ere  fo u n d  t o  grow much m ore s lo w ly  
th a n  th o s e  o f  Fucus s p e c i e s .  They w ou ld  t h e r e f o r e  b e  p ro n e  t o  
o v e rsh a d o w in g  b y  F u c u s , w h ich  w o u ld  f u r t h e r  r e t a r d  t h e i r  g ro w th , l e a v in g  
them  v u ln e r a b le  t o  g r a z in g  b y  m o llu s c s  o v e r  an e x te n d e d  p e r io d .
The g ro w th  r a t e s  o f  t h e  em bryos o f  t h e  t h r e e  Fucus s p e c ie s  
c o r r e l a t e d  w ith  t h e i r  r e l a t i v e  p o s i t i o n s  on t h e  sh o h e : F . s p i r a l i s  < 
F. v e s i c u l o s u s . s e r r a t u s , w h ich  m ig h t e x p la in  t h e  s c a r c i t y  o f
Z* s p i r a l i s  w i t h in  t h e  r a n g e s  o f  t h e  o th e r  tw o s p e c ie s  w h ich  can  
o u t grow i t .
A sco p h y llu m  re s e m b le s  P e l v e t i a  i n  t h e  v e ry  slow  g ro w th  o f  i t s  
em bryos a n d  young  p l a n t s ,  b u t ,  u n l ik e  P e l v e t i a . i t s  young p l a n t s  w ere  
fo u n d  t o  s u r v iv e  b e n e a th  a  Fucus c an o p y . T h is  a b i l i t y ,  com bined  w ith  
t h e  g r e a t  l o n g e v i ty  o f  A sco p h y llu m  c o n t r i b u t e  t o  i t s  a b i l i t y  t o  
d o m in a te  t h e  m id sh o re  u n d e r  c e r t a i n  c o n d i to n s .
1 . INTRODUCTION
One o f  t h e  p r im a ry  t a s k s  o f  t h e  e c o lo g i s t  i s  t o  r e l a t e  s p e c ie s  
d i s t r i b u t i o n  t o  c o n d i t io n s  i n  t h e  n a t u r a l  e n v iro n m e n t. The l i m i t s  
o f  d i s t r i b u t i o n  o f  ea ch  s p e c ie s  i n  any e c o sy s te m  may b e  i n f lu e n c e d  by  
a l a r g e  num ber o f  p h y s i c a l ,  c h e m ic a l  and  b i o l o g i c a l  f a c t o r s .  Each 
s p e c ie s  i s  e x c lu d e d  from  th o s e  h a b i t a t s  i n  w h ich  e x tre m e s  o f  t e m p e r a tu r e ,  
w a te r  d e f i c i t  o r  any o t h e r  p h y s i c a l  o r  c h e m ic a l s t r e s s  e x c ee d s  i t s  
l i m i t s  o f  t o l e r a n c e .  C o m p e ti t io n ,  p r e d a t io n  and o t h e r  b i o t i c  i n f lu e n c e s  
may f u r t h e r  e x c lu d e  i t  from  some h a b i t a t s  w h ich  i t  w ou ld  o th e rw is e  
o ccu p y . The t o t a l  ra n g e  o f  h a b i t a t s  i n  w h ich  t h e  p h y s i c a l  c o n d i t io n s  
w ou ld  p e rm i t  t h e  s p e c ie s  t o  s u r v iv e  i s  d e f in e d  as  i t s  " fu n d a m e n ta l 
n i c h e " ,  an d  t h e  ra n g e  o f  h a b i t a t s  i t  a c t u a l l y  o c c u p ie s  a s  i t s  " r e a l i z e d  
n ic h e "  (C o lw e ll  and F u e n te s  1975)* S in c e  o n ly  t h e  r e a l i z e d  n ic h e  can
be o b s e rv e d  i n  n a t u r e ,  i t  i s  o f t e n  n o t  im m e d ia te ly  a p p a re n t  w h e th e r  
th e  s p e c i e s ’ d i s t r i b u t i o n a l  l i m i t s  a r e  d e te rm in e d  by  p h y s i c a l  s t r e s s e s  
o r  by  b i o t i c  i n t e r a c t i o n s .
I n  many e c o sy s te m s  , t h e s e  f a c t o r s  i n t e r a c t  t o  p ro d u c e  a  m o sa ic  o f  
h a b i t a t s  i n  w h ich  th e  p r im a ry  c a u s e s  o f  ea ch  s p e c i e s ’ d i s t r i b u t i o n  
p a t t e r n  a r e  e x tre m e ly  d i f f i c u l t  t o  i d e n t i f y .  H ow ever, i n  some n a t u r a l  
e n v iro n m e n ts ,  s p e c ie s  d i s t r i b u t i o n  can  be  r e l a t e d  t o  a  w e l l - d e f i n e d  
e n v iro n m e n ta l  g r a d i e n t  o f  i n c r e a s i n g  i n t e n s i t y  o f  one o r  s e v e r a l  p h y s ic a l  
s t r e s s e s .  The s h o re  i s  one su ch  e n v iro n m e n ta l  g r a d i e n t  w h ich  i s  o f  
s p e c i a l  i n t e r e s t  f o r  two r e a s o n s .  F i r s t l y ,  i t  i s  a  t r a n s i t i o n  zone
b e tw e e n  th e  tw o fu n d a m e n ta l ly  d i f f e r e n t  h a b i t a t s  o f  l a n d  and  s e a .  
T h e re fo re  th e  v e r t i c a l  d i s t r i b u t i o n s  o f  s h o re  s p e c ie s  may b e  c o n t r o l l e d  
b y  a  l a r g e  num ber o f  p h y s i c a l  e n v iro n m e n ta l  p a ra m e te r s  w h ich  change 
r a d i c a l l y  i n  i n t e n s i t y  fro m  low  t o  h ig h  w a te r  m ark . S e c o n d ly , th e  
s h o re  i s  one o f  th e  s t e e p e s t  e n v iro n m e n ta l  g r a d i e n t s  i n  n a tu r e .  The 
e n t i r e  t r a n s i t i o n  t a k e s  p la c e  o v e r  a  d i s t a n c e  o f  a  few t o  a  few h u n d re d  
m e t r e s , w i t h in  w h ich  a  s t r i k i n g  s e r i e s  o f  s p e c ie s  zones o r  b e l t s  can  
o f t e n  b e  o b s e rv e d . On su ch  a  g r a d i e n t ,  t h e  r o l e  o f  th e  p h y s ic a l  
f a c t o r s  i n  d e te r m in in g  t h e  r e a l i z e d  n ic h e  o f  ea ch  s p e c ie s  can  b e  
c o n v e n ie n t ly  a s s e s s e d  b y  e x p e r im e n t .
T h e o r e t i c a l l y ,  an u n c h a n g in g  s e a  l e v e l  w ou ld  d e m a rc a te  a  f ix e d  
b o u n d a ry  b e tw e en  th e  m arin e  an d  t e r r e s t r i a l  e n v iro n m e n ts  w i th  l i t t l e
2o r  no t r a n s i t i o n  r e g io n .  H ow ever, m ost s h o re s  a r e  c h a r a c t e r i z e d  
b y  th e  d a i l y  ebb an d  flo w  o f  t i d e s  w h ich  g e n e r a te  t h e  o b s e rv e d  s h o re  
g r a d i e n t .  The te rm  " s h o re  g r a d i e n t "  as  u se d  i n  t h i s  d i s s e r t a t i o n  i s  
s p e c i f i c a l l y  d e f in e d  as t h e  com plex  p h y s ic a l  e n v iro n m e n ta l  g r a d i e n t  
e x te n d in g  from  t h e  m arin e  h a b i t a t  a t  low  w a te r  m ark t o  th e  t e r r e s t r i a l  
h a b i t a t  above t h e  r e a c h  o f  wave s p la s h  and  s p ra y .
1 .1  T id e s  an d  t i d a l  e x p o s u re
On m ost E u ro p ean  s h o r e s , s e a  l e v e l  r i s e s  an d  f a l l s  as  a  ro u g h ly  
s in u s o i d a l  f u n c t io n  o f  t im e  w ith  a  p e r i o d  o f  a  l i t t l e  more th a n  tw e lv e  
h o u r s . T h e r e f o r e ,  t h e  d u r a t io n  o f  each  su b m e rs io n  d e c re a s e s  p r o g r e s s ­
i v e l y  up th e  s h o re  g r a d i e n t .  A lso  t h e  l e v e l s  o f  h ig h  and  low  t i d e s  
v a ry  i n  a  f o r t n i g h t l y  rh y th m , w i th  a  r e g u l a r  a l t e r n a t i o n  o f  s p r i n g  and  
neap  t i d e s .  D u rin g  th e  s p r i n g  t i d e s ,  t i d a l  a m p litu d e  re a c h e s  i t s  
maximum, p ro d u c in g  th e  h i g h e s t  h ig h - w a te r  and lo w e s t  lo w -w a te r  l e v e l s .  
D u rin g  th e  n eap  t i d e s ,  t i d a l  a m p litu d e  i s  s m a l l e s t ,  and  t h e  h i g h e s t  
lo w -w a te r  and  lo w e s t  h ig h - w a te r  l e v e l s  o c c u r .  Above t h e  h ig h  w a te r  
l e v e l  o f  neap  t i d e s ,  t h e  f re q u e n c y  as w e l l  as t h e  d u r a t io n  o f  su b m e rs io n  
d e c re a s e s  w ith  d i s t a n c e  u p s h o re .  T h e r e f o r e ,  th e  s h o re  g r a d i e n t  can  be 
d e s c r ib e d  i n  te rm s  o f  two p a ra m e te r s  o f  t i d a l  e x p o s u re . The f i r s t  i s  
p e r c e n t  t i d a l  e x p o s u re ,  i . e .
( t o t a l  h o u rs  e x p o sed )
( t o t a l  h o u rs  e x p o sed ) + ( t o t a l  h o u rs  subm erged) ^  100% ,
w h ich  i s  c a l c u l a t e d  o v e r  s e v e r a l  f o r t n i g h t - l o n g  p e r io d s  a t  d i f f e r e n t  
t im e s  o f  t h e  y e a r  t o  o b t a i n  an u n b ia s e d  sam ple o f  s p r in g  and  neap  t i d e s  
(Colman 1 9 3 3 ) . The se c o n d  p a ra m e te r  i s  t h e  l o n g e s t  t i d a l  e x p o s u re ,  
w h ich  i s  t h e  maximum p o s s i b l e  d u r a t i o n  o f  a  s i n g l e  u n i n t e r r u p t e d  p e r i o d  
o f  e x p o su re  t o  t h e  a tm o s p h e re . A nalogous p a ra m e te r s  can  be  c a l c u l a t e d  
f o r  t i d a l  s u b m e rs io n . The p o s i t i o n  o f  an o rg a n ism  r e l a t i v e  t o  th e  h i ^  
and  low  w a te r  m arks o f  s p r in g  and  n eap  t i d e s  d e te rm in e s  t h e  p e r c e n t  
t i d a l  e x p o su re  and  l o n g e s t  t i d a l  e x p o su re s  and  su b m e rs io n s  i t  m ust e n d u re ,  
and  w i l l  h e r e a f t e r  b e  r e f e r r e d  t o  as i t s  t i d a l  l e v e l .
B ecause  i t  i s  g e n e r a te d  b y  th e  t i d e s , t h e  s h o re  g r a d i e n t  i s  u n iq u e  
i n  t h a t  i n te r m e d ia t e  l e v e l s  a r e  c h a r a c t e r i z e d  n o t by  in te r m e d ia t e  
c o n d i t i o n s ,  b u t  by  an a l t e r n a t i o n  o f  t h e  two e x tre m e s . T h e re fo re
s e v e r e  p h y s i c a l  s t r e s s e s  o p e r a t e  a t  a l l  l e v e l s  o f  t h e  s h o r e .  Any 
o rg a n is m  w h ich  in v a d e s  t h e  i n t e r t i d a l  zone m ust h e  c a p a b le  o f  s u r v i v i n g  
i n  an e n t i r e l y  a l i e n  p h y s i c a l  e n v iro n m e n t f o r  p a r t  o f  t h e  t im e ,  d u r in g  
t i d a l  s u b m e rs io n  f o r  a  t e r r e s t r i a l  o rg a n is m  and  d u r in g  t i d a l  e x p o s u re  
f o r  a  m arin e  o rg a n is m .
1 .2  S t r e s s e s  a s s o c i a t e d  w i th  t h e  s h o re  g r a d i e n t
I n t e r t i d a l  seaw eed s an d  i n v e r t e b r a t e s  a r e  g e n e r a l l y  r e g a r d e d  a s  
m a r in e  o rg a n ism s  w h ich  h a v e  becom e a d a p te d  t o  a  g r e a t e r  o r  l e s s e r  d e g re e  
o f  t i d a l  e x p o su re  (L ew is 1 96U; den  H a r to g  I 9 6 8 ) .  T h is  w o u ld  s u g g e s t  
t h a t  c o n d i t io n s  a r e  m ost f a v o u r a b le  t o  t h e s e  o rg a n ism s  d u r in g  t i d a l  
s u b m e rs io n . The s e a  p r o v id e s  m in e r a l  n u t r i e n t s ,  oxygen  an d  c a rb o n  
d io x id e  i n  s o l u t i o n  an d  p r o t e c t s  s h o re  o rg a n ism s  fro m  t h e  v i o l e n t  
e n v iro n m e n ta l  f l u c t u a t i o n s  w h ich  t a k e  p la c e  i n  t h e  a i r .  H ow ever t h e r e  
a r e  s t r e s s e s  a s s o c i a t e d  w i th  t i d a l  s u b m e rs io n . The m e c h a n ic a l  a c t i o n  
o f  th e  w aves e x e r t s  a  d e c i s i v e  i n f l u e n c e  on th e  s h o r e 's  b i o t a  (L ew is 
I 9 6 J+) and  su b m e rs io n  t o  a  d e p th  o f  a  few m e tre s  may g r e a t l y  r e d u c e  t h e  
am ount o f  r a d i a t i o n  a v a i l a b l e  f o r  p h o t o s y n t h e s i s .
The m ost s e v e r e  p h y s i o l o g i c a l  s t r e s s e s  upon s h o re  o rg a n ism s  t a k e  
p l a c e  d u r in g  t i d a l  e x p o s u re .  F o r  e x a m p le , ev en  a t  0^% r e l a t i v e  h u m id i ty ,  
t h e  a tm o sp h e re  can  rem ove m ore t h a n  t l r e e  q u a r t e r s  o f  t h e  t i s s u e  w a te r  
fro m  f u c o id  a lg a e  ( p e r s o n a l  o b s e r v a t i o n ) .  I n te n s e  i n s o l a t i o n  d u r in g  
low  t i d e  on a warm day may i n c r e a s e  th e  t e m p e r a tu r e  o f  i n t e r t i d a l  
seaw eeds t o  30°C o r  m ore (Schramm I 9 6 8 ) , c a u s in g  b o th  a  h e a t  s t r e s s  an d  
a c c e l e r a t e d  d e h y d r a t io n .  The s h o re  may a l s o  b e  a f f e c t e d  b y  s e v e r e  
f r o s t  d u r in g  t h e  w i n t e r ,  and  i n t e r t i d a l  a lg a e  h av e  b e e n  fo u n d  f r o z e n  
s o l i d  i n  i c e  on s h o re s  a t  h ig h  l a t i t u d e s  (K a n w ish er 1 9 5 7 ) .  F i n a l l y ,  
h eav y  r a i n f a l l  d u r in g  low  t i d e  e x p o se s  them  t o  f r e s h  w a te r .  The 
r e s u l t i n g  o s m o tic  sh o ck  may b e  e s p e c i a l l y  p ro n o u n c e d  i f  a  su d d en  sh o w er 
f a l l s  upon d e s i c c a t e d  se a w e e d s .
S in c e  t i d a l  e x p o s u re  i s  an  " a l l  o r  n o th in g "  e v e n t  a t  a l l  l e v e l s  on 
t h e  s h o r e ,  i t  i s  t h e  d u r a t i o n  r a t h e r  t h a n  t h e  i n t e n s i t y  o f  t h e s e  s t r e s s e s  
w h ich  i n c r e a s e s  m ost m a rk e d ly  up th e  s h o re  g r a d i e n t .  The e f f e c t  upon 
an  o rg a n is m  o f  a  p h y s i o l o g i c a l  s t r e s s  i s  o f t e n  d i r e c t l y  r e l a t e d  t o  how 
lo n g  i t  c o n t in u e s  w i th o u t  r e l i e f  ( L e v i t t  1 9 7 2 ) . The maximum p o s s i b l e
il
d u r a t io n  o f  c o n tin u o u s  d e s s i c a t i o n ,  f r e e z i n g ,  h ig h  te m p e r a tu r e  o r  
r a i n f a l l  a t  a  g iv e n  l e v e l  on th e  s h o re  i s  d e te rm in e d  by  th e  l o n g e s t  
t i d a l  e x p o su re  a t  t h a t  l e v e l .  T h is  t i d a l  p a ra m e te r  i n c r e a s e s  g r a d u a l ly  
from  z e ro  a t  t h e  e x tre m e  lo w e s t  w a te r  l e v e l  o f  s p r in g  t i d e s  (EL¥S) t o  
a b o u t tw e lv e  h o u rs  a t  e x tre m e  h ig h  w a te r  o f  n eap  t i d e s  (EHW, i . e .  th e  
lo w e s t  h ig h  w a t e r ) ,  t h e n  r i s e s  a b r u p t ly  t o  tw e n ty - f o u r  h o u rs  j u s t  above 
t h i s  l e v e l .  I t  i n c r e a s e s  r a p i d l y  w ith  f u r t h e r  d i s t a n c e  u p s h o r e , and  
o rg an ism s  l i v i n g  a t  t h e  mean h ig h  w a te r  l e v e l  o f  s p r in g  t i d e s  (MHWS) 
may b e  c o n t in u o u s ly  e x p o sed  f o r  s e v e r a l  w eeks, Colman (1933) r e p o r t e d  
t h a t  a  l a r g e  num ber o f  s p e c i e s  r e a c h  t h e i r  u p p e r  l i m i t s  n e a r  EHWîT. 
T h e r e f o r e ,  t h i s  l e v e l  a p p e a rs  t o  b e  a  p h y s i o l o g i c a l l y  c r i t i c a l  o n e , 
be lo w  w hich  th e  s h o re  g r a d i e n t  i s  r e l a t i v e l y  g r a d u a l  and above w hich  
i t  becom es v e ry  s t e e p .
D u rin g  t i d a l  e x p o s u re ,  seaw eeds a r e  a l s o  c u t  o f f  from  t h e i r  m in e r a l  
n u t r i e n t  s u p p ly ,  and  m ust u t i l i z e  g a seo u s  c a rb o n  d io x id e  f o r  p h o to s y n ­
t h e s i s .  U n le ss  an i n t e r t i d a l  a lg a  can  f i x  c a rb o n  u n d e r  t h e s e  c o n d i t i o n s ,  
i t  can  grow o n ly  d u r in g  p e r io d s  o f  t i d a l  su b m e rs io n . T h e o r e t i c a l l y ,  
t h e  u p p e r  l i m i t s  o f  h a rd y  s p e c ie s  w h ich  can  t o l e r a t e  t h e  p ro lo n g e d  s t r e s s  
above EHWN may b e  d e te rm in e d  i n  p a r t  by  th e s e  n u t r i t i o n a l  f a c t o r s .
The s h o re  g r a d i e n t  may b e  m o d if ie d  by  w aves w h ich  e f f e c t i v e l y  e x te n d  
th e  m arin e  i n f lu e n c e  above t h e  a c t u a l  s e a  l e v e l .  On s h o re s  e x p o se d  t o  
heav y  s u r f ,  s p e c ie s  zones l i e  much h ig h e r  w i th  r e s p e c t  t o  t h e o r e t i c a l  
t i d e  l e v e l s ,  th a n  th e y  do i n  s h e l t e r .  Lew is { l96h)  r e d e f in e d  t h e  m ain 
e c o lo g i c a l  zones o f  t h e  s e a  t o  l a n d  t r a n s i t i o n  i n  te rm s  o f  o b s e rv e d  
s p e c ie s  d i s t r i b u t i o n s .  He s e t  t h e  u p p e r  l i m i t  o f  th e  " s u b l i t t o r a l  
zone" a t  t h e  h i g h e s t  l e v e l  a t t a i n e d  b y  L a m in a r ia  sp p . , w h ich  n o rm a lly  
grow s u b t i d a l l y  i n  th e  a b se n c e  o f  wave a c t i o n .  He d e f in e d  t h e  " l i t t o r a l  
zone" a s  e x te n d in g  from  t h e  u p p e r  l i m i t  o f  L a m in a r ia  t o  t h e  u p p e r  l i m i t  
o f  th e  m arin e  l i c h e n  V e r r u c a r i a . T h is  zone e x te n d s  from  ELWS t o  mean 
h ig h  w a te r  l e v e l  (MHW) on v e ry  s h e l t e r e d  s h o r e s .  However on v e ry  
w a v e -ex p o se d  c o a s t s ,  t h e s e  l i m i t s  may b e  r a i s e d  t o  mean t i d e  l e v e l  (MIL) 
and  up t o  t e n  m e tre s  above EHWS, r e s p e c t i v e l y .
The l i t t o r a l  zone c o r re s p o n d s  ro u g h ly  t o  t h e  s h o re  g r a d i e n t  as 
d e f in e d  i n  t h e  p r e s e n t  d i s c u s s io n .  Many e c o lo g i c a l  s t u d i e s  o f  s p e c ie s  
z o n a t io n  h av e  b e e n  c o n d u c te d  on s h e l t e r e d  o r  m ild ly  w a v e -e x p o se d  s h o re s  
w here  z o n a l  u p l i f t  i s  l e s s  d ra m a tic  and  th e  s h o re  g r a d i e n t  e x te n d s
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e s s e n t i a l l y  fro m  ELWS t o  EHWS. N e v e r th e le s s ,  wave s p la s h  may re a c h  
a  few t e n t h s  o f  a  m e tre  above t h e  a c tu a l  t i d e  l e v e l ,  and  th e  p a ra m e te r  
o f  " lo n g e s t  t i d a l  e x p o s u re "  m ust b e  i n t e r p r e t e d  w i th  c a u t io n .  Seaw eeds 
a t t a c h e d  above EHWN may n o t  re m a in  c o m p le te ly  d ry  d u r in g  a  lo n g  " t i d a l  
e x p o su re "  as i n d i c a t e d  by  t i d e  gauge r e c o r d s ,  b u t  may b e  w e t te d  b r i e f l y  
by  wave s p la s h  a t  h ig h  t i d e .  T h is  may e x p la in  why m id sh o re  s p e c ie s  
commonly e x te n d  t o  t h e  mean h ig h  w a te r  o f  neap  t i d e s  (MHWN) o r  s l i ^ t l y  
h i g h e r ,  r a t h e r  t h a n  t o  t h e  t h e o r e t i c a l l y  c r i t i c a l  l e v e l  o f  EHWN.
1 .3  The v e r t i c a l  d i s t r i b u t i o n  o f  i n t e r t i d a l  f u c o id s
In  t h e  p r e s e n t  s tu d y  o f  s p e c ie s  d i s t r i b u t i o n  on t h e  s h o r e ,  
a t t e n t i o n  was f o c u s s e d  on s e v e r a l  i n t e r t i d a l  s p e c ie s  o f  th e  m arin e  
a l g a l  fa m ily  F u c a c ea e  f o r  two r e a s o n s .  F i r s t l y ,  d i f f e r e n t  s p e c ie s  
i n h a b i t  d i f f e r e n t  l e v e l s  and  fo rm  a c h a r a c t e r i s t i c , w e l l - d e f i n e d  s e r i e s  
o f  zones o r  b e l t s  up t h e  s h o r e .  S e c o n d ly , t h e  i n t e r t i d a l  f u c o id s  a r e  
v e ry  a b u n d a n t and  c o n s t i t u t e  t h e  dom inan t f e a t u r e  o f  s h e l t e r e d  ro c k y  
s h o re s  o f  n o r th e r n  and  w e s te r n  E u ro p e .
The f u c o id  zones o f  m ost B r i t i s h  s h o re s  a r e  com posed l a r g e l y  o f  
f i v e  common and  w id e s p re a d  s p e c i e s .  L i s t e d  i n  o r d e r  o f  o c c u r r e n c e  
from  h ig h  t o  low  s h o r e ,  th e y  a r e ;
H e lv e t i a  c a n a l i c u l a t a  ( L . ) B eene, e t  T h u r.
Fucus s p i r a l i s  L.
A sco p h y llu m  nodosum  ( L . ) Le J o l .
Fucus v e s ic u lo s u s  L.
Fucus s e r r â t us L.
D e t a i l s  o f  t h e  m orpho logy  an d  th e  l i f e  c y c le  o f  t h e s e  f i v e  s p e c ie s  
a r e  sum m arized  i n  T a b le  1 .
The v e r t i c a l  d i s t r i b u t i o n  o f  t h e  f i v e  s p e c ie s  a t  many B r i t i s h  and  
E u ro p ean  s h o re s  h a s  b e e n  d e s c r i b e d ,  and  a r e c u r r e n t  p a t t e r n  h a s  em erged  
( F i g . l ) .  H e lv e t i a  c o n s i s t e n t l y  o c c u p ie s  t h e  h i g h e s t  l e v e l  on t h e  
s h o r e ,  w ith  F. S p i r a l i s  o c c u r r in g  im m e d ia te ly  b e lo w  i t .  2 -  s p i r a l i s  
o c c a s io n a l ly  e x te n d s  down t o  MIL, b u t  H e lv e t i a  a p p e a rs  t o  b e  s t r i c t l y  
c o n f in e d  t o  t h e  u p p e r  s h o r e ,  i . e .  above EHWN. W ith  one e x c e p t io n  
(den  H a r to g , I 9 6 8 ) H e l v e t i a  h a s  n e v e r  b e e n  r e p o r t e d  t o  o c c u r  b e lo w  EHWN.
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A s c o p h y l lm i  and  F. v e s i c u l o s u s  d o m in a te  t h e  m id d le  s h o r e ,  w i t h  
u p p e r  l i m i t s  n e a r  o r  h e lo w  MHWE. 2 '  s e r r a t u s  c o n s i s t e n t l y  o c c u p ie s
t h e  l o w e s t  v e r t i c a l  r a n g e ,  b e g i n n i n g  n e a r  MTL and  r e a c h i n g  i t s  g r e a t e s t  
a bundance  n e a r  mean low w a t e r  o f  neap  t i d e s  (MLW). The f i v e  s p e c i e s  
can  b e  c o n v e n i e n t l y  d i v i d e d  i n t o  two c a t e g o r i e s :  t h e  " u p s h o re  f u c o i d s "
(P e l v e t i a  and  2* s p i r a l i s ) an d  t h e  " m id s h o re  f u c o i d s "  (A s c o p h y l lu m ,
2 '  v e s i c u l o s u s  and  2* s e r r a t u s ) .
On s h o r e s  b e a r i n g  a  d en se  c o v e r  o f  f u c o i d s ,  t h e  b o u n d a r i e s  b e tw e e n  
P e l v e t i a  and  2* s p i r a l i s , an d  b e tw e e n  2* s p i r a l i s  and  A scophy llum  a r e  
u s u a l l y  q u i t e  c l e a r l y  d e f i n e d  (Colman 19 3 3 ;  Lewis 1 9 6 4 ;  Evans 1 9 4 7 a ,  
194T b) .  C o n v e r s e ly ,  t h e  r a n g e s  o f  P e l v e t i a  and  2* s p i r a l i s  may o v e r l a p  
c o n s i d e r a b l y  on s h o r e s  w here  t h e  f u c o i d  c o v e r  i s  t h i n  and  b r o k e n  due t o  
wave a c t i o n  o r  a  l o o s e ,  u n s t a b l e  s u b s t r a t u m  (Evans 194T b) .  S i m i l a r l y ,  
2 '  s p i r a l i s  o f t e n  a p p e a r s  n e a r  MTL am id  open s t a n d s  o f  2* v e s i c u l o s u s ,
2 '  s e r r a t u s  and  A sco p h y llu m  (L e w is ,  1 964 ;  F i s c h e r  1 9 2 9 ) .
Lewis h a s  a l s o  o b s e r v e d  t h a t  s p e c i e s  z o n a t i o n  i s  m ost d i s t i n c t  on 
r e l a t i v e l y  s t e e p  r o c k  s l o p e s ,  on w h ich  t h e  d i r e c t i o n  o f  t h e  s h o r e ' s  
e n v i r o n m e n ta l  g r a d i e n t  i s  w e l l  d e f i n e d .  By c o n t r a s t ,  P e l v e t i a  and  
2 '  s p i r a l i s  o f t e n  i n t e r m i n g l e  on g e n t l y  s l o p i n g ,  i r r e g u l a r  s u r f a c e s  
w here  l o c a l  v a r i a t i o n s  i n  a s p e c t  an d  d r a i n a g e  may p ro d u c e  a m o sa ic  o f  
m ic ro e n v i ro n m e n ts  r a t h e r  t h a n  a c l e a r l y  d e f i n e d  d i r e c t i o n a l  g r a d i e n t .
B o u n d a r ie s  b e tw e e n  t h e  t h r e e  m id sh o re  f u c o i d s  a r e  t y p i c a l l y  i l l -  
d e f i n e d .  A scophy llum  and  2* v e s i c u l o s u s  g e n e r a l l y  o c c u r  t o g e t h e r ,  
a l t h o u g h  s t r o n g  wave a c t i o n  o r  l o o s e  s u b s t r a t a  may e x c lu d e  t h e  fo rm e r  
l e a v i n g  2* v e s i c u l o s u s  a s  t h e  dom inan t s p e c i e s  (Evans 194T b) .  2*
s e r r a t u s  may e i t h e r  fo rm  a d i s t i n c t  l o w - s h o r e  zone o r  may o v e r l a p  t h e  
l o w e r  h a l f  o f  t h e  2* v e s i c u l o s u s  -  A scophy llum  zone (Lewis 1 9 6 4 ) .
A t y p i c a l  p a t t e r n  o f  f u c o i d  s p e c i e s  z o n a t i o n  p r e v a i l s  on t h e  
s h o r e s  o f  I s l e  o f  Cumbrae, S c o t l a n d ,  w here  t h e  f i e l d  w ork f o r  t h e  
p r e s e n t  i n v e s t i g a t i o n  was u n d e r t a k e n .  The d i s t r i b u t i o n s  o f  t h e  f i v e  
s p e c i e s  r e l a t i v e  t o  t i d e  l e v e l s ,  w h ich  a r e  shown i n  F i g . 2 ,  c o r r e s p o n d  
t o  t h o s e  r e p o r t e d  e l s e w h e r e  i n  B r i t a i n .
The se q u e n c e  o f  P e l v e t i a , F. s p i r a l i s  and  A sco p h y llu m  i s  w e l l -  
d e f i n e d  on t h e  s t e e p e r  r o c k  s l o p e s  ( P l a t e  l ) , and  t h e  b o u n d a ry  b e tw e e n  
P e l v e t i a  and  2* s p i r a l i s  zones, i s  v e r y  d i s t i n c t  ( P l a t e  2 ) .  I n  f l a t  
a r e a s  w i t h  l o o s e  s t o n e s ,  t h e  zones become l e s s  w e l l - d e f i n e d ,  and  a l l
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F i g u r e  2 .  V e r t i c a l  d i s t r i b u t i o n  o f  f i v e  common i n t e r t i d a l  f u c o i d s  a t  
I s l e  o f  Cum brae. L e v e ls  o f  MHWS, MHWN, I4TL, MLWÎf and  MLWS 
shown r e p r e s e n t  m eans f o r  t h e  p e r i o d  J a n u a r y  1965 t o  December 
1975 g iv e n  by  H a r ry  T, P o w e l l  ( p e r s o n a l  c o m m u n ic a t io n ) . I n s e t  
g r a p h  shows mean (©) an d  maximum (o )  o f  l o n g e s t  t i d a l  e x p o s u re  
d u r i n g  f o r n i g h t l y  n e a p  t i d e s  b e tw e e n  May 1 and  A u g u s t  31 o f  
1975 an d  1 9 7 6 .
ïBCr.
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P l a t e  1: D i s t i n c t  b e l t s  o f  P e l v e t i a  ( ? ) ,
A sc o p h y l lu m  (A) on a  m o d e r a t e l y  sx e ep  r : c n  =1 
N o r th  S l i p .  N o te  t h e  _F. s t i r a l i s  
w e l l  w i t h i n  t h e  A s c o rh y l lu m  zo n e .
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t h r e e  s p e c i e s  h a v e  b e e n  fo u n d  g row ing  t o g e t h e r  n e a r  MHWN ( P l a t e  3 ) .  
M ature  P e l v e t i a  n e v e r  o c c u r s  be low  t h i s  l e v e l ,  e x c e p t  as o c c a s i o n a l  
p l a n t s  on s m a l l  l o o s e  s t o n e s  w h ich  may b e  t r a n s p o r t e d  downshore b y  
wave a c t i o n .  How ever, s p i r a l i s  f r e q u e n t l y  o c c u r s  n e a r  MTL m in g le d  
w i th  t h e  o t h e r  Fucus s p e c i e s  ( P l a t e  L ) ,  o r  i n  open s t a n d s  o f  A scophy llum  
( P l a t e  1 ,  f o r e g r o u n d ) .  A l th o u g h  2 -  s p i r a l i s  i s  n o t  a b u n d a n t  a t  t h i s  
l e v e l ,  t h e  i n d i v i d u a l  p l a n t s  a r e  l a r g e  and  h e a l t h y ,  and  p ro d u c e  many 
r e c e p t a c l e s .*
A scophy llum  t e n d s  t o  d o m in a te  t h e  u p p e r  p a r t  o f  t h e  m id s h o r e ,  and  
g iv e s  way g r a d u a l l y  t o  F . s e r r a t u s  on t h e  lo w e r  s h o r e .  F_. v e s i c u l o s u s  
i s  a  l e s s  a b u n d a n t  s p e c i e s  a t  I s l e  o f  Cumbrae, and i t  b r o a d l y  o v e r l a p s  
F_* s e r r a t u s  and  A sc o p h y l lu m . so  t h a t  a l l  t h r e e  s p e c i e s  commonly o c c u r  
t o g e t h e r  b e lo w  MTL.
* I n  d i s c u s s i n g  t h e  s p e c i e s  zones  , t h e s e  m id sh o re  p l a n t s  w i l l  n o t  
b e  c o n s i d e r e d  a s  p a r t  o f  t h e  "F . s p i r a l i s  z o n e ” , w h ich  w i l l  b e  
d e f i n e d  as  ”t h e  r a n g e  o v e r  w hich  2 -  s p i r a l i s  i s  t h e  dom inan t 
f u c o i d ” .
1 .4  P h y s i c a l  and  b i o l o g i c a l  f a c t o r s  i n f l u e n c i n g  f u c o i d  z o n a t i o n
A lth o u g h  t h e  z o n a t i o n  o f  i n t e r t i d a l  f u c o id s  h a s  b e e n  amply 
d e s c r i b e d ,  much l e s s  i s  known a b o u t  t h e  p h y s i c a l  and  b i o l o g i c a l  f a c t o r s  
w hich  c r e a t e  t h e  o b s e rv e d  p a t t e r n s .  The p u rp o s e  o f  t h i s  i n v e s t i g a t i o n  
i s  t o  i d e n t i f y  t h e  p r im a ry  c a u s a l  f a c t o r s ,  and t o  exam ine i n  d e t a i l  
t h e i r  r o l e s  i n  d e t e r m i n in g  u p p e r  and  lo w e r  l i m i t s  o f  s p e c i e s  z o n e s .
A g roup  o f  c l o s e l y  r e l a t e d  and  e c o l o g i c a l l y  s i m i l a r  s p e c i e s  
may show any o f  s e v e r a l  d i s t r i b u t i o n a l  p a t t e r n s  w i t h  r e s p e c t  t o  an 
e n v i r o n m e n ta l  g r a d i e n t  ( C o lw e l l  and  F u e n te s  1975)* I n  many c a s e s ,  
d i f f e r e n t  s p e c i e s  i n h a b i t  d i f f e r e n t  b u t  o v e r l a p p i n g  n i c h e s  d e l i m i t e d  
l a r g e l y  by  p h y s i c a l  v a r i a b l e s  a s s o c i a t e d  w i th  t h e  g r a d i e n t .  On t h e  
o t h e r  h a n d ,  two s p e c i e s  may occupy  a d j a c e n t  b u t  n o n - o v e r l a p p i n g  r a n g e s ,  
as do P e l v e t i a  and  2* s p i r a l i s  on many s h o r e s . I n  numerous w e l l -  
docum ented  e x a m p le s , t h i s  p a t t e r n  a p p e a r s  t o  r e s u l t  p a r t l y  from  a  
d i f f e r e n c e  i n  t h e  two s p e c i e s '  c a p a c i t i e s  t o  e n d u re  s t r e s s ,  and  p a r t l y  
f rom  i n t e r s p e c i f i c  c o m p e t i t i o n .  Each s p e c i e s  e x te n d s  up t h e  g r a d i e n t  
t o  i t s  t o l e r a n c e  l i m i t ,  and  t h e  more h a rd y  o rg a n is m  t h e r e f o r e  o c c u p ie s  
h a b i t a t s  i n  w hich  t h e  o t h e r ,  more s e n s i t i v e  s p e c i e s  c a n n o t  s u r v i v e .
" A /  J
■;iC A r
■ P la te  3 : P e l v e t i a  ( ? ) ,  Fucus s p i r a l i s  (F) and A scophy llum  (A)
g row ing  t o g e t h e r  n e a r  MHliN on a  n e a r l y  l e v e l  b e a c h  
w i th  l o o s e  s t o n e s  and  b o u l d e r s .
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However, t h e  f o rm e r  c a n n o t  in v a d e  t h e  n i c h e  o f  t h e  l a t t e r  b e c a u s e  i t  
c a n n o t  com pete  s u c c e s s f u l l y  f o r  l i g h t ,  p r im a ry  s p a c e  o r  some o t h e r  
e s s e n t i a l  r e s o u r c e .  T h is  c o m p e t i t i v e  p r e s s u r e  may e x c lu d e  t h e  h a r d y  
s p e c i e s  from  i t s  p h y s i o l o g i c a l l y  optimum h a b i t a t , and  r e s t r i c t  i t  t o  
t h a t  p a r t  o f  t h e  g r a d i e n t  n e a r  t o  i t s  t o l e r a n c e  l i m i t .  I n  such  c a s e s ,  
e x p e r i m e n t a l  rem o v a l  o f  t h e  s e n s i t i v e  s p e c i e s  p e r m i t s  t h e  h a r d y  s p e c i e s  
t o  in v a d e  t h e  h a b i t a t  o f  t h e  f o r m e r ,  and  t o  grow as  w e l l  o r  b e t t e r  t h a n  
i t  does w i t h i n  i t s  own n o r m a l ly  r e a l i z e d  n i c h e .  T h is  h a s  b e e n  
s u c c e s s f u l l y  d e m o n s t r a t e d  f o r  i n t e r t i d a l  b a r n a c l e s  ( C o n n e l l  I 9 6 1 ) ,  
seaw eeds  (Hruby 1 9 7 6 ;  Menge 1 9 7 5 ) ,  and  f o r  many s p e c i e s  l i v i n g  i n  
t e r r e s t r i a l  an d  f r e s h w a t e r  h a b i t a t s  (C o lw e l l  and  F u e n te s  1975)*
P r e d a t i o n  and  g r a z i n g  h av e  a l s o  b e e n  fo u n d  t o  r e s t r i c t  some s t r e s s -  
t o l e r a n t  s p e c i e s  t o  t h e  u p p e r  s h o r e  i n  some i n t e r t i d a l  com m un it ies  
(D ay ton  1 9 7 1 ,  1975 3 ; P a in e  1 9 7 1 ,  1 9 7 4 ) .
An u n d e r l y i n g  p r i n c i p l e  o f  b i o l o g i c a l l y  d e te r m in e d  lo w e r  l i m i t s  and  
p h y s i c a l l y  d e te r m in e d  u p p e r  l i m i t s  i s  d e m o n s t r a te d  i n  a l l  t h e  exam ples 
c i t e d .  I n  t h e  two m ain  s e c t i o n s  o f  t h i s  d i s s e r t a t i o n ,  t h e  a p p l i c a b i l i t y  
o f  t h i s  p r i n c i p l e  t o  t h e  u p p e r  and  lo w e r  l i m i t s  o f  t h e  i n t e r t i d a l  
f u c o i d s  w i l l  b e  exam ined .
1 . 4 . 1  Upper l i m i t s
S e v e r a l  i n v e s t i g a t o r s  h a v e  s t a t e d  t h a t  t h e  u p p e r  l i m i t s  o f  t h e  
i n t e r t i d a l  f u c o i d s  a r e  g o v e rn e d  b y  t h e  p h y s i c a l  f a c t o r s  a s s o c i a t e d  
w i t h  t i d a l  e x p o s u re  (Lewis I 9 6 L; den H a r to g  1 9 6 8 ; Z a n e v e ld  1 9 3 7 ) ,  and  
t h e r e  i s  some e x p e r i m e n t a l  e v id e n c e  t o  s u p p o r t  t h i s  v ie w p o in t  (B aker  
1 9 0 9 ; H a t to n  1 9 3 8 ) .  T h is  w ou ld  s u g g e s t  t h a t  each  s p e c i e s  e x te n d s  
u p s h o re  t o  t h e  l i m i t  o f  i t s  t o l e r a n c e  t o  a  p a r t i c u l a r  s t r e s s  o r  
c o m b in a t io n  o f  s t r e s s e s .  T h e r e f o r e ,  t h e  r e l a t i v e  c a p a c i t i e s  o f  t h e  
f i v e  s p e c i e s  t o  t o l e r a t e  t h e  c r i t i c a l  f a c t o r s  s h o u ld  b e :
H e l v e t i a  > F, s p i r a l i s  > A scophy llum  'u 2* v e s i c u l o s u s  > 2* s e r r a t u s . 
The p r e s e n t  i n v e s t i g a t i o n  o f  t h e  u p p e r  l i m i t s  was d e s ig n e d  t o  t e s t  t h i s  
h y p o t h e s i s .
The s p e c i f i c  aims o f  t h e  e x p e r i m e n t a l  work w e re :
(1 ) t o  d e te r m in e  b y  i n t e r z o n a l  t r a n s p l a n t a t i o n  w h e th e r  f u c o i d s  can
s u r v i v e  a t  l e v e l s  above t h e i r  u p p e r  l i m i t s  o f  d i s t r i b u t i o n  on t h e  
s h o r e .
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(2 )  t o  i d e n t i f y ,  i n  t h e  e v e n t  t h a t  t h e y  c a n n o t  s u r v i v e  t h i s  t r a n s f e r ,  
t h e  c r i t i c a l  s t r e s s  f a c t o r  o r  c o m b in a t io n  o f  f a c t o r s  i n v o l v e d .
( 3 ) t o  d e m o n s t r a te  t h a t  t h e  maximum i n t e n s i t y  and  d u r a t i o n  o f  t h i s  
s t r e s s  e ach  s p e c i e s  c a n  t o l e r a t e  c o r r e s p o n d s  w i t h  t h e  maximum 
i n t e n s i t y  and  d u r a t i o n  r e a l i z e d  i n  n a t u r e  a t  i t s  u p p e r  l i m i t .
(4) t o  e l u c i d a t e  t h e  m echanism s b y  w hich  P e l v e t i a  and F. s p i r a l i s  
t o l e r a t e  p r o lo n g e d  and  s e v e r e  s t r e s s  w i t h o u t  damage.
( 5 ) t o  s t u d y  t h e  n u t r i t i o n a l  i m p l i c a t i o n s  o f  low p e r c e n t  t i d a l  
su b m e rs io n  on t h e  u p p e r  s h o r e ,  and  t h e  a b i l i t y  o f  t h e  f u c o i d s  
t o  u t i l i z e  g a se o u s  c a rb o n  d i o x id e  f o r  p h o t o s y n t h e s i s .
1 . 4 . 2  Lower l i m i t s
The lo w e r  l i m i t s  o f  f u c o i d s  an d  o t h e r  i n t e r t i d a l  seaw eeds  h av e  
o f t e n  b e e n  a t t r i b u t e d  t o  i n t e r s p e c i f i c  c o m p e t i t i o n  and  o t h e r  b i o t i c  
f a c t o r s  (B aker  1 9 0 9 ;  den H a r to g  I 9 6 8 ; D ayton  19T1; Chapman 1 9 7 3 ;  
Menge 1 9 7 5 ) .  Evans (1 9 4 7 a ,  1 9 4 7 b )a n d  L e w is ( l9 6 4 )  s u g g e s t e d  t h a t  
f u c o i d  zones a r e  much more c l e a r l y  d e f i n e d  i n  d en se  s t a n d s  t h a n  i n  
t h i n ,  open  s t a n d s  b e c a u s e  c o m p e t i t i o n  i s  much more i n t e n s e  i n  t h e  
fo rm e r .  T h is  s u g g e s t s  t h a t  P e l v e t i a  i s  r e s t r i c t e d  t o  t h e  u p p e r  s h o r e  
b e c a u s e  i t  c a n n o t  com pete  s u c c e s s f u l l y  w i th  o t h e r  f u c o i d s  f o r  some 
e s s e n t i a l  r e s o u r c e ,  o r  b e c a u s e  t h e y  i n t e r f e r e  d i r e c t l y  w i t h  i t s  g row th  
i n  some way. I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  r o l e  o f  c o m p e t i t i o n  
i n  d e t e r m i n in g  t h e  lo w e r  l i m i t  o f  P e l v e t i a  was exam ined  i n  d e t a i l .
The aims o f  t h e  e x p e r i m e n t a l  work w e re :
(1 ) t o  s tu d y  b y  means o f  i n t e r z o n a l  t r a n s p l a n t s  t h e  a b i l i t y  o f  
P e l v e t i a  and  2* s p i r a l i s t o  s u r v i v e  and  grow a t  l e v e l s  b e lo w  t h e i r  
n o rm a l  z o n e s .
( 2 ) t o  d e te r m in e  w h e th e r  P e l v e t i a  zygotes- w i l l  s e t t l e  and  grow i n  t h e  
Z.* s p i r a l i s  zone i f  t h e  l a t t e r  s p e c i e s  i s  rem oved.
( 3 ) t o  d e m o n s t r a t e  t h e  p r o c e s s  o f  c o m p e t i t i v e  e x c l u s i o n  o f  P e l v e t i a  
b y  2* s p i r a l i s , i f  i t  o c c u r s .
(4 )  t o  e l u c i d a t e  t h e  m echanism  o f  r e s o u r c e  e x p l o i t a t i o n  a n d / o r  
i n t e r f e r e n c e  b y  w h ich  2 -  s p i r a l i s  e x c lu d e s  P e l v e t i a .
( 5 ) t o  c l a r i f y  t h e  c o m p e t i t i v e  r e l a t i o n s h i p s  b e tw e e n  2* s p i r a l i s
and  t h e  m id s h o re  f u c o i d s ,  and  t o  d e te r m in e  why 2* s p i r a l i s  i s  much 
l e s s  s t r i c t l y  c o n f i n e d  t o  t h e  u p p e r  s h o re  t h a n  i s  P e l v e t i a .
11
2 . MATERIALS AND METHODS
I n  t h e  l a b o r a t o r y  and  f i e l d  w o rk ,  s e v e r a l  r e l a t i v e l y  s im p le  
m ethods w ere  u s e d  i n  a  l a r g e  number o f  e x p e r im e n t s .  These  b a s i c  
p r o c e d u r e s  w i l l  b e  d e s c r i b e d  i n  t h i s  s e c t i o n ,  and  any v a r i a t i o n s  
w i l l  b e  d e t a i l e d  w i t h  t h e  r e l e v a n t  e x p e r i m e n t s . O th e r  p r o c e d u r e s  w hich  
w ere  u s e d  o n ly  f o r  one s p e c i f i c  e x p e r im e n t  w i l l  a l s o  b e  d e s c r i b e d  i n  
t h e  a p p r o p r i a t e  s e c t i o n s .
2 .1  S tu d y  s i t e s
A l l  f i e l d  work was c a r r i e d  o u t  on t h e  I s l e  o f  Cumbrae l o c a t e d  i n  
t h e  F i r t h  o f  C ly d e ,  A r g y l l ,  S c o t l a n d .  F i g . 3 i s  a  map o f  t h e  I s l e  o f  
Cumbrae show ing  t h e  l o c a t i o n  o f  t h e  main e x p e r i m e n t a l  s h o r e s .  Most o f  
t h e  f i e l d  w ork was c a r r i e d  o u t  on two s h o r e s ,  one a t  P o r t  Loy and  t h e  
o t h e r  j u s t  n o r t h  o f  Cumbrae F e r r y  S l i p ,  w h ich  a r e  i n d i c a t e d  on t h e  
map. P o r t  Loy i s  a  s m a l l ,  f a i r l y  s h e l t e r e d  b a y  a t  w h ich  t h e  f i v e  
m a jo r  f u c o i d  s p e c i e s  o c c u r  a b u n d a n t ly  and  show a  more o r  l e s s  t y p i c a l  
z o n a t i o n .  The s u b s t r a t u m  i s  m o s t ly  s o l i d  r o c k  and  l a r g e  b o u l d e r s  
composed o f  r e d  s a n d s t o n e ,  a l t h o u g h  t h e r e  a r e  a l s o  some p a t c h e s  o f  
s h i n g l e  and  g r a v e l .  The e x p e r i m e n t a l  a r e a  l o c a t e d  a s h o r t  d i s t a n c e  
n o r t h  o f  t h e  Cumbrae F e r r y  S l i p  i s  s l i g h t l y  more e x p o s e d  t o  wave 
a c t i o n .  The u p p e r  s h o r e  i s  a  s o l i d  r o c k  s l o p e  o f  r e d  s a n d s t o n e  and  
s a n d s t o n e - c o n g l o m e r a t e  i n t e r r u p t e d  b y  b a s a l t i c  d i k e s ,  and  b e a r s  w e l l -  
d e v e lo p e d  b e l t s  o f  P e l v e t i a  and  Fucus s p i r a l i s . The m id d le  and  
lo w e r  s h o r e  i s  composed l a r g e l y  o f  b o u l d e r s  and  s h i n g l e ,  a l t h o u g h  t h e  
s o l i d  r o c k  s lo p e  e x te n d s  t o  a b o u t  MTL i n  some p l a c e s .  The c o v e r  o f  
As c o p h y llu m  an d  Fucus s p p .  i s  l e s s  dense  and more p a tc h y  t h a n  a t  
P o r t  Loy, p r o b a b l y  b e c a u s e  o f  t h e  l o o s e  s to n e s  and  t h e  s l i g h t l y  
g r e a t e r  wave a c t i o n .  T h is  s h o r e  w i l l  b e  r e f e r r e d  t o  h e r e a f t e r  as 
t h e  ’’N o r th  S l i p "  s h o r e , a l t  ho u ^  a l l  e x p e r im e n t s  w ere  done on t h e  
n a t u r a l  ro c k y  s l o p e ,  n o t  on t h e  f e r r y  s l i p  i t s e l f .
2 .2  A lg a l  m a t e r i a l
Most o f  t h e  a l g a l  m a t e r i a l  u s e d  i n  c u l t u r e  and  o t h e r  l a b o r a t o r y  
work was c o l l e c t e d  from  t h e  I s l e  o f  Cumbrae. However, on a  few
L a rg s
I W orth S l i p
G re a t
Cumbrae
I s l a n d
• /L io n  Rock
M i l l p o r t  M arin e  S t a t i o n  
F a r l a n d  B ig h t
P o r t
F a r l a n d  P o i n t
L i t t l e
Cumbrae
I s l a n d
P o r t e n c r o s s
K i lo m e t r e s
F i g u r e  3* Map o f  G r e a t  Cumbrae I s l a n d  and  e n v i r o n s  show in  
s tu d y  s i t e s .
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o c c a s i o n s  when g a l e s  p r e v e n t e d  a c c e s s  t o  t h e  i s l a n d ,  a l g a e  w ere  
c o l l e c t e d  from  t h e  m a in la n d  j u s t  n o r t h  o f  L a r g s ,  o r  a t  P o r t e n c r o s s  
( F i g . 3 ) .
The a l g a e  w ere  k e p t  damp b u t  n o t  subm erged , i n  p o l y th e n e  b a g s  
and  s t o r e d  u n d e r  r e f r i g e r a t i o n  (0 -5^C ) u n t i l  n ^ e .  I t  was fo u n d  t h a t  
v e g e t a t i v e  m a t e r i a l  c o u ld  b e  s t o r e d  f o r  up t o  f i v e  days u n d e r  t h e s e  
c o n d i t i o n s  w i t h o u t  dam age, and  a lg a e  s t o r e d  f o r  l o n g e r  t h a n  t h i s  
w ere  n o t  u s e d  i n  c u l t u r e  w ork . R e c e p ta c le s  gave a  p o o r  r e l e a s e  o f  
gam etes  i f  t h e y  w ere  s t o r e d  f o r  l o n g e r  t h a n  two d a y s ;  h e n c e  t h e s e  
w ere  u s e d  a s  p ro m p t ly  a f t e r  c o l l e c t i o n  as p o s s i b l e .
2 .  3 F i e l d  w ork
2 . 3 . 1  D e t e r m in a t io n  o f  t i d a l  l e v e l s
The t i d a l  l e v e l s  o f  e x p e r i m e n t a l  s i t e s  and  p o i n t s  o f  o b s e r v a t i o n  
w ere  d e te r m in e d  as f o l l o w s .  D u r in g  a  v e ry  ca lm  d a y ,  t h e  t im e  was n o t e d  
when each  s i t e  was j u s t  b e i n g  subm erged  o r  e x p o se d  b y  t h e  t i d e .  The 
t i d a l  l e v e l  a t  e ach  o f  t h e s e  t im e s  was t h e n  o b t a i n e d  from  c o n t in u o u s  
r e c o r d s  m a i n t a i n e d  b y  t h e  t i d a l  gauge a t  t h e  M i l l p o r t  M arine  B i o l o g i c a l  
S t a t i o n .  T id e  l e v e l s  o f  t h e  m a jo r  e x p e r i m e n t a l  s i t e s  a t  P o r t  Loy 
w ere  d e te r m in e d  on t h r e e  o c c a s i o n s :  l 6  A p r i l  1 9 7 5 ,  11 J u n e  1975 and
27 F e b r u a r y  1976 . The l e v e l s  fo u n d  on t h e  t h r e e  days a g r e e d  t o  
w i t h i n  0 .0 5  m. R e p l i c a t e  o b s e r v a t i o n s  w ere  a l s o  t a k e n  f o r  e x p e r i m e n t a l  
s i t e s  a t  t h e  N o r th  S l i p .  D i s c r e p a n c i e s  up t o  0 .10m  w ere  fo u n d ,  p o s s i b l e  
b e c a u s e  t h i s  s h o r e  i s  a b o u t  t h r e e  m i l e s  from  t h e  t i d e  g a u g e ,  and  
s i g n i f i c a n t  d i f f e r e n c e s  i n  s e a  l e v e l  f r e q u e n t l y  o c c u r  o v e r  su c h  d i s t a n c e s
2 . 3 . 2  I n t e r z o n a l  t r a n s p l a n t s
The a lg a e  t o  b e  t r a n s p l a n t e d  w ere  c o l l e c t e d  w i t h o u t  s e p a r a t i n g  
t h e i r  h o l d f a s t s  f ro m  t h e  s u b s t r a t u m .  I n i t i a l l y ,  s m a l l  p i e c e s  o f  s a n d ­
s to n e  b e a r i n g  s i n g l e  young  p l a n t s  w ere  c h ip p e d  l o o s e  from  t h e  s h o r e  
u s i n g  a  g e o l o g i c a l  hammer. However, t h e  c h ip s  o f  s a n d s to n e  t h u s  
o b t a i n e d  o f t e n  c ru m b le d ,  and  many p l a n t s  a t t a c h e d  t o  such  c h ip s  w ere  
l o s t  s h o r t l y  a f t e r  b e i n g  t r a n s f e r r e d .  T h e r e f o r e ,  s m a l l  l o o s e  s t o n e s  
w i th  g ro u p s  o f  young  p l a n t s  a t t a c h e d  w ere  c o l l e c t e d  f rom  a s h i n g l e
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b e a c h  n e a r  L io n  Rock on t h e  e a s t  s h o r e  o f  I s l e  o f  Cumbrae ( F i g . 3 ) .
The p l a n t s  w ere  e i t h e r  t r a n s f e r r e d  im m e d ia te ly  o r  w ere  s t o r e d  o v e r n i g h t  
i n  a  s e a w a te r  t a n k  a t  t h e  m a r in e  s t a t i o n  and  t r a n s p l a n t e d  t h e  n e x t  
day . A l l  p l a n t s  i n  a  g iv e n  e x p e r im e n t  r e c e i v e d  t h e  same t r e a t m e n t  
b e tw e e n  t h e  t im e  o f  c o l l e c t i o n  and  t im e  o f  t r a n s p l a n t a t i o n .
At each  s i t e  t o  w h ich  t h e  p l a n t s  w ere  t r a n s f e r r e d ,  an a r e a  o f  
ro c k  a b o u t  0 .5  m  ^ was c l e a r e d  o f  m a c ro a lg a e .  The s to n e s  and  r o c k  
c h ip s  w ere  a t t a c h e d  t o  t h e  c l e a r e d  r o c k  s u r f a c e  w i t h  q u i c k - s e t t i n g  
cem ent and  numbers w ere  drawn i n  t h e  w e t  cement f o r  i d e n t i f i c a t i o n .
F o r  each  s p e c i e s ,  f i f t e e n  t o  t h i r t y ' p l a n t s  w ere  t r a n s f e r r e d  t o  a 
s i t e  above o r  b e lo w  i t s  n o rm a l  d i s t r i b u t i o n a l  r a n g e .  S i m u l t a n e o u s ly ,  
f i f t e e n  t o  t h i r t y  c o n t r o l  p l a n t s  w ere  t r a n s f e r r e d  t o  a  s i t e  a t  t h e  
same t i d a l  l e v e l  from  w hich  t h e y  w ere  c o l l e c t e d .  The number o f  
sam ples  f l u c t u a t e d  d u r in g  t h e  c o u r s e  o f  t h e  e x p e r im e n t s  due t o  t h e  l o s s  
o f  i n d i v i d u a l  p l a n t s ,  and  t o  t h e  s u b s e q u e n t  a p p e a r a n c e  o f  o t h e r  p l a n t s  
w hich  w ere  so  s m a l l  as t o  e s c a p e  n o t i c e  a t  t h e  t im e  o f  t r a n s f e r .
The l e n g t h s  o f  t h e  p l a n t s  w ere  m ea su red  t o  t h e  n e a r e s t  0,5mm, 
i n i t i a l l y  and  a t  i n t e r v a l s  o f  s e v e r a l  weeks u s i n g  a  m i l l i m e t r e  r u l e r .  
S in c e  each  o f  t h e  s t o n e s  c o l l e c t e d  f rom  t h e  s h i n g l e  b e a c h  b o r e  a 
number o f  p l a n t s ,  t h e  r e l a t i v e  p o s i t i o n s  o f  t h e s e  p l a n t s  on t h e  s to n e  
w ere  c a r e f u l l y  mapped when m easu rem en ts  w ere  t a k e n .  Mean n e t  grow th  
o f  each  s p e c i e s  a t  each  s i t e  d u r in g  a  g iv e n  i n t e r v a l  was c a l c u l a t e d  
f rom  t h e  c hanges  i n  l e n g t h  o f  t h o s e  p l a n t s  w hich  w ere  s u c c e s s f u l l y  
l o c a t e d  and  m ea su red  a t  t h e  b e g i n n i n g  and  t h e  end  o f  t h a t  i n t e r v a l .
2.h  C u l t u r e s
The m a j o r i t y  o f  t h e  l a b o r a t o r y  i n v e s t i g a t i o n s  was b a s e d  on t h e  
c u l t u r e  o f  t h e  v a r i o u s  f u c o i d  s p e c i e s .  The e a r l y  em bryon ic  s t a g e s  
w ere  grown from  gam etes  r e l e a s e d  and  f e r t i l i z e d  i n  c u l t u r e .  A l s o ,  
c o m p le te  p l a n t s  w e ig h in g  30-1000  mg w ere  c o l l e c t e d  from  t h e  s h o r e  and  
grown i n  c u l t u r e .  Such p l a n t s  a r e  h e r e  a lw ays  c a l l e d  "young p l a n t s "  
as d i s t i n c t  from  t h e  v e r y  e a r l y  s t a g e s  o b t a i n e d  f rom  z y g o te s  c a l l e d  
" e m b ry o s" .
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2 .U .1  C u l t u r e  c o n d i t i o n s
2 . 4 . 1 . 1  Medium
The embryos and  young  p l a n t s  w ere  c u l t u r e d  i n  an e n r i c h e d  s e a w a te r  
medium, w hich  was c hanged  e v e ry  s e v e n  t o  f o u r t e e n  d a y s .  The f o rm u la  
o f  t h e  medium and  t h e  p r o c e d u r e  o f  h e a t - s t e r i l i z a t i o n  u s e d  a r e  g iv e n  
i n  A ppendix  A. F o r  r e a s o n s  d e t a i l e d  i n  S e c t i o n  2 . 4 . 2 ,  t h e  medium 
was d i l u t e d  t e n  t im e s  i n  f i l t e r e d  s e a w a te r  b e f o r e  h e a t - s t e r i l i z a t i o n .
2 . 4 . 1 . 2  I l l u m i n a t i o n
The c u l t u r e s  w ere  i l l u m i n a t e d  f rom  above e i t h e r  w i th  two s i x - f o o t  
A t l a s  D a y l ig h t  85 w a t t  f l u o r e s c e n t  t u b e s  a t  a  d i s t a n c e  o f  230 mm, o r  
w i th  two f i v e - f o o t  P h i l i p s  D a y l ig h t  65- 8O w a t t  t u b e s  a t  230 mm, o r  w i th  
t h r e e  P h i l i p s  D a y l ig h t  t u b e s  a t  280 mm. The g l a s s  s h e l v e s  upon w h ich  
t h e  c u l t u r e  v e s s e l s  w ere  p l a c e d  w ere  c o v e re d  w i t h  opaque  c o n s t r u c t i o n  
p a p e r  t o  e l i m i n a t e  i l l u m i n a t i o n  f ro m  t h e  t u b e s  o v e r  t h e  s h e l f  b e lo w .
The i l l u m i n a n c e  was m e a su re d  w i t h  an EEL P o r t a b l e  P h o t o e l e c t r i c  
P h o to m e te r  S e r i a l  No. 1 8 .1 1 3 2 .  I n  o r d e r  t o  o b t a i n  i r r a d i a n c e  v a l u e s ,  
t h i s  i n s t r u m e n t  was c a l i b r a t e d  a g a i n s t  a  Kipp and  Zonen S o l a r i m e t e r  
and  Kipp and  Zonen Type A L4-M icrova G a lv a n o m e te r .  The s o l a r i m e t e r ,  
s e r i a l  n o ,  CM5"711251, h a d  b e e n  c a l i b r a t e d  t o  t h e  I n t e r n a t i o n a l  
P y r h e l i o m e t e r  S c a le  1956.
The c a l i b r a t i o n  was c a r r i e d  o u t  as f o l lo w s  : The s o l a r i m e t e r
and  p h o to m e te r  w ere  p l a c e d  a t  a  d i s t a n c e  o f  230 zirni f rom  two f i v e - f o o t  
P h i l i p s  D a y l i ^ t  t u b e s  i n  a  room f r e e  from  e x t r a n e o u s  i l l u m i n a t i o n ,  
and  t h e  r e a d i n g s  o f  b o t h  m e te r s  t a k e n .  I t  was fo u n d  t h a t  a f t e r  t h e  
f l u o r e s c e n t  t u b e s  w ere  t u r n e d  o f f ,  t h e  s o l a r i m e t e r  r e c o r d e d  a  s m a l l  
r e s i d u a l  i r r a d i a n c e  due t o  a  s l i g h t  warm ing o f  t h e  t u b e s  w h i l e  t h e y  
w ere  on . T h e r e f o r e  a  s e r i e s  o f  t e n  r e a d i n g s  w i th  t h e  t u b e s  on 
w ere  t a k e n ,  each  f o l l o w e d  by  a  s o l a r i m e t e r  r e a d i n g  w i t h  t h e  t u b e s  o f f .  
T h is  l a s t  r e a d i n g  was t h e n  s u b t r a c t e d  from  t h e  s o l a r i m e t e r ’s r e a d i n g  
w h i l e  i l l u m i n a t e d ,  i n  o r d e r  t o  o b t a i n  t h a t  p r o p o r t i o n  o f  t h e  i r r a d i a n c e  
n o t  due t o  t h e  h e a t i n g .
A c o n v e r s i o n  f a c t o r  o f  5 8 .4  m g -c a l /n m ^ -m in  = 1000 f o o t c a n d l e s  
( r a n g e  5 8 .O - 5 8 . 9 ) was o b t a i n e d .  The p r o c e d u r e  was r e p e a t e d  w i th  
t h r e e  t u b e s  a t  280  mm d i s t a n c e ,  and  t h e  c o n v e r s i o n  f a c t o r  was s i m i l a r :
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59 ' 5  m g-ca l/cm ^  -m in  = 1000  f o o t c a n d l e s  ( ra n g e  5 9 . I - 5 9 . 8 ) .
The c u l t u r e s  r e c e i v e d  an i l l u m i n a n c e  o f  2 80 -400  f o o t c a n d l e s ,  and  
an i r r a d i a n c e  o f  I 6 .5  t o  2 3 .6  m g -c a l /c m ^ -m in  f rom  t h e  d a y l i g h t  
f l u o r e s c e n t  t u b e s . The e x a c t  l i g h t  l e v e l  v a r i e d  a c c o r d in g  t o  t h e  
age o f  t h e  t u b e s  and  t h e  d e g re e  o f  r e f l e c t i o n  from  t h e  w a l l s  o f  t h e  
c a b i n e t ,  w h ich  v a r i e d  b e tw e e n  d i f f e r e n t  s h e l v e s .  However, a l l  c u l t u r e s  
i n  any one e x p e r im e n t  w ere  grown s im u l t a n e o u s l y  on t h e  same s h e l f ,  and 
t h e r e f o r e  r e c e i v e d  t h e  same i r r a d i a n c e .
A lth o u g h  t h e  i r r a d i a n c e  d e l i v e r e d  by  t h e  d a y l i g h t  f l u o r e s c e n t  
t u b e s  was o n ly  a s m a l l  f r a c t i o n  o f  f u l l  s u n l i g h t ,  ( r o u g h ly  1000  m g - c a l /  
cm ^-m in) ,  l i g h t  l i m i t a t i o n  was n o t  e v i d e n t .  L i n e a r  g row th  r a t e s  o f  
Fucus and  P e l v e t i a  i n  c u l t u r e  w ere  c om parab le  t o  an d  som etim es  e x c e e d e d  
g row th  r a t e s  on t h e  s h o r e  o b s e r v e d  a t  I s l e  o f  Cumbrae and  a l s o  t h o s e  
r e p o r t e d  from  n a t u r e  by  Subrahmanyan (1 9 6 0 , I 9 6 1 ) and  K n ig h t  and  P a rk e
(1 9 5 0 ) .
2 . 4 . 1 . 3  A e r ^ ^ t io n
Most o f  t h e  c u l t u r e s  o f  young  t h a l l i  w ere  a e r a t e d  by  an a i r  pump, 
b u t  a  few e x p e r im e n t s  w ere  n o t  a e r a t e d  owing t o  a  l i m i t e d  s u p p ly  o f  
pumps. The c u l t u r e  o f  z y g o te s  was c a r r i e d  o u t  i n  d i s h e s  t o o  s m a l l  
t o  b e  a e r a t e d .
2 . 4 . 1 . 4  T e m p era tu re
A l l  c u l t u r e s  w ere  grown i n  a  t h e r o m a s t a t i c a l l y  c o n t r o l l e d  c u l t u r e  
c a b i n e t  a t  10°C -  1°C. How ever, some p a r t s  o f  t h e  c u l t u r e  room w ere  
fo u n d  t o  be  c o n s i d e r a b l y  c o o l e r ,  and  a i r  p o c k e t s  a s  c o ld  as 6°C o f t e n  
fo rm ed  a t  one end  o f  a  s h e l f  w h i l e  t h e  o t h e r  end  was 9“ 10*^C. In  t h o s e  
e x p e r im e n t s  w h ich  i n c l u d e d  a l a r g e  number o f  c u l t u r e  v e s s e l s  e x t e n d i n g  
a lo n g  more t h a n  h a l f  o f  a  s h e l f ,  t h e  p o s i t i o n s  o f  t h e s e  v e s s e l s  was 
r o t a t e d  a t  i n t e r v a l s  d u r in g  t h e  e x p e r im e n t  t o  e q u a l i z e  t h e  e f f e c t s  o f  
t h e s e  t e m p e r a t u r e  d i f f e r e n c e s  on t h e  g row th  o f  t h e  p l a n t s .
2 . 4 . 2  C o n t r o l  o f  c o n ta m in a t io n
I n  n a t u r e ,  t h e  s p o r e s  o f  many s p e c i e s  o f  a lg a e  s e t t l e  upon t h e  
s u r f a c e  o f  i n t e r t i d a l  f u c o i d s , and  some g e rm in a te  and  grow as e p ip h y t e s
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s i n c e  t h e s e  s p o r e s  a r e  a b u n d a n t  o v e r  t h e  e n t i r e  s u r f a c e  o f  t h e  t h a l l u s , 
t h e y  w ere  i n e v i t a b l y  p r e s e n t  i n  t h e  c u l t u r e s  o f  young  p l a n t s  and  i n  t h e  
s u s p e n s io n s  o f  gam etes  o b t a i n e d  from  r e c e p t a c l e s .  They g e r m in a t e d  
and d e v e lo p e d  r a p i d l y  d u r in g  c o n s t a n t  su b m e rs io n  i n  e n r i c h e d  medium, 
and became a s e r i o u s  p ro b le m  w i t h i n  two o r  t h r e e  w eeks .
The e p ip h y t e s  w h ich  d e v e lo p e d  on t h e  young  p l a n t s  i n  c u l t u r e  c o u ld  
n o t  be removed w i t h o u t  damaging t h e  f u c o id s  b e c a u s e  t h e y  w ere  f i r m l y  
a t t a c h e d  t o  t h e i r  h o s t s .  A l s o ,  an a t t e m p t  t o  s u r f a c e - s t e r i l i z e  t h e  
young p l a n t s  and  t h e  r e c e p t a c l e s  by subm erg ing  them  b r i e f l y  i n  a  0 . 1 % 
sodium  h y p o c h l o r i t e  s o l u t i o n  f a i l e d .  T h is  t r e a t m e n t  s e v e r e l y  damaged 
t h e  young p l a n t s  w i t h o u t  k i l l i n g  a l l  t h e  a l g a l  c o n ta m in a n t s .  A lso  t h e  
g row th  r a t e  o f  z y g o te s  o b t a i n e d  from  s u r f a c e - s t e r i l i z e d  r e c e p t a c l e s  
was s lo w e r  t h a n  t h a t  o f  u n t r e a t e d  c o n t r o l s .
C o n ta m in a t io n  was r e d u c e d  s i g n i f i c a n t l y  by d i l u t i n g  t h e  medium 
f i v e  t o  f o r t y  t im e s  w i t h  f i l t e r e d  s e a w a te r  b e f o r e  h e a t - s t e r i l i z a t i o n .  
F o r t u n a t e l y ,  f u c o i d  embryos grew a t  maximal r a t e s  i n  d i l u t i o n s  down 
t o  tw e n ty  t im e s  (T a b le  2) and  t h e  same was t r u e  f o r  t h e  young  p l a n t s .  
T h e r e f o r e ,  a  t e n  t im e s  d i l u t i o n  was u s e d  f o r  a l l  f u r t h e r  c u l t u r e  work 
t o  e n s u re  an ample n u t r i e n t  s u p p ly  f o r  t h e  f u c o i d s  y e t  l i m i t  t h e  g row th  
o f  a l g a l  c o n ta m in a n t s .
T a b le  2 Mean l e n g t h  o f  p ig m e n te d  p o r t i o n  o f  t h i r t y  
F. s p i r a l i s  embryos a f t e r  28 d a y s , and  
i n t e n s i t y  o f  a l g a l  c o n ta m in a t io n  i n  d u p l i c a t e  
c u l t u r e s  a t  e a ch  o f  f i v e  d i f f e r e n t  d i l u t i o n s  o f  
c u l t u r e  medium.
+ l i g h t  c o n ta m in a t io n  ++ m o d era te  c o n ta m in a t io n  +++ heavy  c o n ta m in a t io n
Concejrfmtioi o f  F i r s t  r e p l i c a t e  Second r e p l i c a t e
Medium. Mean l e n g t h  c o n ta m in a t io n  mean l e n g t h  c o n ta m in a t io n
l / 4 0  647 pm ++ 913 ym +
1 /2 0  954 pm + 1156  ym +
1 /1 0  1066  ym + 1026  y m  + +
1 /5  1032 ym ++ IO9 O ym ++
1 /2  950  pm +++ 638  ym +++
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C o n s id e r a b l e  e p i p h y t i c  g row th  som etim es a p p e a r e d  on t h e  young 
p l a n t s  a f t e r  s e v e r a l  weeks even  i n  t h e  d i l u t e d  medium. When t h i s  
o c c u r r e d ,  t h e  e p i p h y t e s  w ere  c a r e f u l l y  s c r a p e d  o f f  w i t h  a  r a z o r  
b l a d e  j u s t  b e f o r e  t h e  f i n a l  w e ig h t  was t a k e n .
Fucus sp p .  c o n s i s t e n t l y  grew w e l l  i n  t h e  d i l u t e d  medium, b u t  
P e l v e t i a  o f t e n  b e g a n  t o  d ecay  to w a rd  t h e  end  o f  t h e  l o n g e r  e x p e r i m e n t s . 
F o r  t h i s  r e a s o n ,  young  p l a n t s  o f  P e l v e t i a  c o u ld  be  s u c c e s s f u l l y  c u l t u r e d  
o n ly  f o r  a b o u t  f o u r  w eek s .  A l s o ,  one o r  two p l a n t s  o c c a s i o n a l l y  b r o k e  
i n t o  s e v e r a l  p i e c e s  even  d u r in g  t h e  f i r s t  f o u r  w e e k s ,  and w ere  l o s t .  
Sample s i z e s  g iv e n  w i t h  t h e  r e s u l t s  o f  each  e x p e r im e n t  i n d i c a t e  t h e  
number o f  p l a n t s  grown s u c c e s s f u l l y  d u r in g  t h e  e n t i r e  e x p e r im e n t .
I n  t h e  c u l t u r e s  o f  em b ry o s ,  t h e  m ost t r o u b le s o m e  c o n ta m in a n t s  
t h a t  p e r s i s t e d  i n  t h e  1 /1 0  s t r e n g t h  medium w ere  s m a l l  g r e e n  a lg a e  and  
d ia to m s .  I n  p r e l i m i n a r y  e x p e r i m e n t s ,  t h e s e  o rg a n ism s  showed a s t r o n g  
b u t  i n c o n s i s t e n t  t e n d e n c y  t o  i n h i b i t  t h e  g row th  o f  t h e  em bryos.
T h e r e f o r e  t h e  f o l l o w i n g  p r o c e d u r e  was u s e d  t o  f u r t h e r  r e d u c e  t h e  number 
o f  e x t r a n e o u s  s p o r e s  i n  t h e  s u s p e n s i o n  o f  f u c o i d  z y g o te s .  I m m e d ia te ly  
a f t e r  f e r t i l i z a t i o n ,  t h e  z y g o te s  w ere  s w i r l e d  i n t o  s u s p e n s i o n  i n  a  f l a s k  
and  a l lo w e d  t o  s t a n d  j u s t  l o n g  enough t o  s e t t l e .  Then t h e  l i q u i d  was 
d e c a n te d  an d  r e p l a c e d  w i t h  f i l t e r e d  s e a w a te r .  T h is  was r e p e a t e d  
s e v e r a l  t im e s  w i t h  f r e s h  p o r t i o n s  o f  f i l t e r e d  s e a w a te r  b e f o r e  t h e  
s u s p e n s io n  was u s e d  t o  i n o c u l a t e  t h e  c u l t u r e s .  The z y g o te s  o f  Fucus 
and  A scophy llum  a r e  v e r y  d en se  and  s e t t l e  much more q u i c k l y  t h a n  d ia to m s  
and  g re e n  a l g a l  s p o r e s ,  m pst o f  w h ich  c o u ld  t h e r e f o r e  b e  d e c a n te d  away. 
However, t h e  oogon ia l^ in  w h ich  P e l v e t i a  z y g o te s  r e m a in  f o r  s e v e r a l  days 
a f t e r  f e r t i l i z a t i o n  a r e  n o t  a s  d en se  as  t h e  z y g o te s  o f  t h e  o t h e r  two 
g e n e r a ,  an d  a r e  n o t  as e f f e c t i v e l y  s e p a r a t e d  from  c o n ta m in a n t s  by  
d é c a n t a t i o n .  I t  was t h e r e f o r e  d i f f i c u l t  t o  o b t a i n  P e l v e t i a  z y g o te  
c u l t u r e s  w i t h o u t  c o n ta m in a t io n .
S in c e  u n i a l g a l  embryo c u l t u r e s  c o u ld  n o t  b e  o b t a i n e d  f o r  any o f  
t h e  f u c o i d s ,  and  t h e  c o n ta m in a n t s  e x e r t  u n p r e d i c t a b l e  e f f e c t s  on g ro w th ,  
each  t r e a t m e n t  i n  e ach  e x p e r im e n t  was ru n  i n  d u p l i c a t e  o r  t r i p l i c a t e .
A d i f f e r e n c e  b e tw e e n  g row th  o b t a i n e d  w i th  two d i f f e r e n t  t r e a t m e n t s  was 
c o n s i d e r e d  s i g n i f i c a n t  o n ly  i n  t h o s e  c a s e s  i n  w h ich  a l l  r e p l i c a t e s  o f  
one t r e a t m e n t  gave  s i g n i f i c a n t l y  g r e a t e r  g row th  r a t e s  t h a n  a l l  r e p l i c a t e s
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o f  t h e  o t h e r  t r e a t m e n t .
2 . 4 . 3  C u l t u r e  o f  f u c o i d s  from  g&metes
2 . 4 . 3 . 1  R e l e a s e ,  f e r t i l i z a t i o n  and  i n o c u l a t i o n  o f  c u l t u r e s
P l a n t s  h e a r i n g  m a tu re  r e c e p t a c l e s  w ere  s e l e c t e d  a n d ,  i n  t h e  c a s e  
o f  t h e  d i o c i o u s  s p e c i e s  Fucus v e s i c u l o s u s , F. s e r r a t u s  and  A s c o p h y l lu m , 
t h e  s e x  was d e te r m in e d  by  m ic r o s c o p ic  e x a m in a t io n  o f  m a t e r i a l  f rom  t h e  
r e c e p t a c l e s .  The r e c e p t a c l e s  w ere  t h e n  e x c i s e d  from  t h e  p l a n t s  and  
e i t h e r  s t o r e d  o v e r n i g h t  a t  0~ 5°C i n  t h e  r e f r i g e r a t o r ,  o r  l a i d  o u t  on 
p a p e r  t o w e l s  i n  t h e  l a b o r a t o r y  u n t i l  p a r t i a l l y  d e h y d r a t e d .  They w ere  
t h e n  w ashed  f o r  a b o u t  5 t o  15 s e c o n d s  i n  i c e - c o l d  d i s t i l l e d  w a t e r  and  
t h e n  p l a c e d  i n  c u l t u r e  d i s h e s  c o n t a i n i n g  f i l t e r e d  p a s t e u r i z e d  s e a  
w a t e r  a t  10°C ± 2°C i n  t h e  c u l t u r e  c a b i n e t .  R e le a s e  o f  gam etes  
r e q u i r e d  from  s i x  t o  f o r t y - e i ^ t  h o u r s .  T h is  p r o c e d u r e  f o r  o b t a i n i n g  
gam etes  was d e r i v e d  f rom  t h o s e  g iv e n  by  G a i l  ( I 9 1 8 ) ,  P o l l o c k  ( l9 T 0 )  
and  M cLachlan e t  a l  (1 9 7 1 )•
The m ale  and  fe m a le  gam etes  w ere  t h e n  p i p e t t e d  o u t  o f  t h e  c u l t u r e  
d i s h e s ,  s w i r l e d  t o g e t h e r  i n  a  100  ml o r  250 ml c o n i c a l  f l a s k  and 
p e r m i t t e d  t o  s t a n d  f o r  one t o  t h r e e  h o u rs  t o  f e r t i l i z e  t h e  e g g s .  I n  
t h e  c a s e  o f  t h e  h e r m a p h r o d i t i c  s p e c i e s  P e l v e t i a  and  F. s p i r a l i s , m ost 
o f  t h e  eggs w ere  f e r t i l i z e d  d u r in g  t h e  s i x  t o  f o r t y - e i g h t  h o u r  r e l e a s e  
p e r i o d  and  c o u ld  b e  u s e d  d i r e c t l y .  The z y g o te s  w ere  w ashed  as 
d e s c r i b e d  i n  S e c t i o n  2 . 4 . 2 ,  and  t h e n  p i p e t t e d  o v e r  g l a s s  s l i d e s  
subm erged  i n  f i l t e r e d  p a s t e u r i z e d  s e a w a te r .  They w ere  a l lo w e d  t o  a t t a c h  
f o r  s i x  t o  t w e n t y - f o u r  h o u r s ,  and  t r a n s f e r r e d  t o  t h e  c u l t u r e  v e s s e l s  
c o n t a i n i n g  medium.
Each s l i d e  o f  a t t a c h e d  z y g o te s  was c u l t u r e d  i n  40 ml o f  medium i n  a  
100 mm d ia m e te r  p e t r i  d i s h .  I n  some e x p e r im e n ts  d e e p e r  d i s h e s  
c o n t a i n i n g  1 0 0 -2 0 0  ml medium w e re  u s e d ,  and  e i t h e r  one o r  two s l i d e s  
w ere  p l a c e d  i n  e a ch  d i s h .
2 . 4 . 3 .2  A sse s sm e n t  o f  g row th  o f  embryos
The f u c o i d  embryo c o n s i s t s  o f  a  ro u g h ly  c y l i n d r i c a l ,  p ig m e n te d  
"h ead "  w hich  d e v e lo p s  i n t o  t h e  u p r i g h t  t h a l l u s , and  an u n p ig m e n te d
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r h i z o i d  w h ich  'becomes a  much b r a n c h e d ,  e n tw in e d  mass and  u l t i m a t e l y  
form s t h e  p l a n t ' s  h o l d f a s t .  S in c e  t h e  i s  o f t e n  f a i r l y  r e g u l a r
i n  fo rm  w h i l e  t h e  r h i z o i d s  a r e  i r r e g u l a r  and v a ry  g r e a t l y  i n  t o t a l  
l e n g t h ,  t h e  l e n g t h  and  maximum w id th  o f  t h e  t^ulloî w ere  u s e d  t o  a s s e s s  
g row th  o f  t h e  e m b ry o s . M easurem ents  w ere  t a k e n  a t  t h e  end  o f  a  t h r e e  
t o  f i v e  week g row ing  p e r i o d ,  a n d ,  i n  some e x p e r i m e n t s ,  a t  w eek ly  
i n t e r v a l s  d u r in g  t h a t  t i m e .  The embryos w ere  m e a su re d  t o  t h e  n e a r e s t  
5 ym w i t h  a c a l i b r a t e d  o c u l a r  m ic ro m e te r  a t  100 x t o t a l  m a g n i f i c a t i o n  
u n d e r  a  N ikon b i n o c u l a r  compound m ic r o s c o p e .
The embryos w ere  m e a su re d  d i r e c t l y  on t h e  s l i d e  on w hich  t h e y  
w ere  grown w h en ev e r  p o s s i b l e .  At t h e  f i n a l  m e a su re m e n t ,  a  s e c o n d  s l i d e  
was p l a c e d  o v e r  t h e  f i r s t  i n  o r d e r  t o  p r e s s  t h e  embryos i n t o  a  h o r i z o n t a l  
p o s i t i o n ,  t h u s  o b t a i n i n g  a  more a c c u r a t e  m easu rem en t.  T h is  was somewhat 
dam aging t o  t h e  embryos and  was n o t  done f o r  m easu rem en ts  t a k e n  d u r in g  
t h e  c o u r s e  o f  t h e  c u l t u r e  p e r i o d .  Twenty t o  t h i r t y  embryos on each  
s l i d e  w ere  s e l e c t e d  f o r  m easu rem en t  b y  means o f  random  c o o r d i n a t e s  
o b t a i n e d  from  random  number t a b l e s .
When t h e  embryos e x c e e d e d  1 t o  1 .5  mm i n  l e n g t h ,  i t  was n o t  p o s s i b l e  
t o  o b t a i n  an  a c c u r a t e  m easu rem en t w h i l e  t h e y  w ere  a t t a c h e d ,  and  t h e y  
w ere  rem oved from  t h e  s l i d e  and  s u s p e n d e d  i n  a  d i s h  o f  s e a w a te r .  A 
"random " sam ple  o f  tw e n ty  t o  t h i r t y  embryos was t h e n  o b t a i n e d  by  
n o n s e l e c t i v e l y  d raw in g  embryos o u t  o f  t h e  s u s p e n s i o n  w i t h  a  p i p e t t e .
2 . 4 . 4  C u l t u r e  o f  young .p la n ts
2 . 4 . 4 . 1  V e s s e l s  and  m o u n tin g  p l a t e s
The young  p l a n t s  w ere  c u l t u r e d  i n  r e c t a n g u l a r  g l a s s  t a n k s , w hich  
m ea su red  l 80 x  250  x 170  mm h i g h ,  and h a d  a c a p a c i t y  o f  a  l i t t l e  more 
t h a n  f i v e  l i t r e s .  The t a n k s  w e re  c o v e re d  w i t h  g l a s s  p l a t e s  c u t  t o  f i t  
t h e  t o p s  o f  t h e  t a n k s . The p l a n t s  w ere  m ounted  on l 6 0  x  230 mm 
p l a t e s  o f  6.5mm t h i c k  c l e a r  P e r s p e x ,  i n  w hich  a 5 ^  5 a r r a y  o f  h o l e s  
a b o u t  4 mm i n  d i a m e te r  w ere  d r i l l e d .  S h o r t  l e n g t h s  o f  t h r e a d  w i t h  
s l i p  k n o t  lo o p s  a t  e i t h e r  end  w ere  u s e d  t o  s e c u r e  t h e  p l a n t s , as 
i l l u s t r a t e d  i n  F i g u r e  4 f o r  one row o f  f i v e  p l a n t s .  T e r y le n e  t h r e a d  
was u s e d ,  s i n c e  c o t t o n  t h r e a d  was fo u n d  t o  d ecay  r a p i d l y  i n  t h e  e n r i c h e d  
s e a w a te r  medium. I n  t h i s  w a y , tw e n ty  f i v e  p l a n t s  c o u ld  b e  c u l t u r e d  i n
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each  t a n k  and t h e  i d e n t i t y  o f  each  p l a n t  known from  i t s  p o s i t i o n .
I n  a  few e x p e r i m e n t s , t h i r t y  o r  t h i r t y  f i v e  p l a n t s  w ere  c n l t n r e d  i n  
each  t a n k .  I n  t h i s  c a s e ,  t h e  l o o p s  o f  one o r  two rows h e l d  a s e c o n d  
t h r e a d  w i th  two p l a n t s  a t t a c h e d .  Two p l a n t s  t h a t  d i f f e r e d  c o n s i d e r a b l y  
i n  s i z e  w ere  a t t a c h e d  a t  e ach  h o l e  so  t h a t  t h e y  c o u ld  n o t  b e  c o n fu s e d  
i n  s u b s e q u e n t  m ea su rem e n ts .
I
F ig u r e  4 : Method o f  a t t a c h i n g  p l a n t s  t o  P e r s p e x  p l a t e s
The P e r s p e x  p l a t e s  a p p e a r e d  t o  e x e r t  no a d v e r s e  e f f e c t s  upon t h e  
grow th  o r  m orphology o f  t h e  f u c o i d  p l a n t s , and  B e r n h a r d ,  Z a t t e r a  and  
F i l e s i  (1 9 6 6 ) r e p o r t e d  t h a t  P e r s p e x  i s  e n t i r e l y ' s a f e  f o r  u se  i n  a l g a l  
c u l t u r e s .
Each p l a t e  o f  p l a n t s  was c u l t u r e d  i n  t h r e e  t o  f i v e  l i t r e s  o f  
medium i n  a  g l a s s  t a n k .  On a  few o c c a s i o n s ,  a l l  a v a i l a b l e  t a n k s  w ere  
i n  u s e ,  and o t h e r  v e s s e l s  w ere  u s e d ,  t h e  d e t a i l s  o f  w h ich  w i l l  be  
p r e s e n t e d  w i th  t h e  d e s c r i p t i o n  and  r e s u l t s  o f  t h o s e  i n v e s t i g a t i o n s .
2 . 4 . 4 . 2  A ssessm en t  o f  g row th
Growth was a s s e s s e d  i n  two w ays . L i n e a r  g row th  was m ea su red  as 
t h e  i n c r e a s e  i n  l e n g t h  t a k e n  f rom  h o l d f a s t  t o  t h e  t i p  o f  t h e  l o n g e s t  
b r a n c h .  S in c e  l e n g t h  c o u ld  b e  m easu red  w i t h o u t  d e t a c h in g  t h e  p l a n t s  
from  t h e  p l a t e s ,  t h i s  was done i n i t i a l l y  and a t  10 t o  15 day i n t e r v a l s  
d u r in g  t h e  c u l t u r e  p e r i o d .  The p l a n t s  w ere  m ea su red  t o  t h e  n e a r e s t
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0 .5  nun w i t h  a  m i l l i m e t r e  r u l e r .  I n  o r d e r  t o  f a c i l i t a t e  c o m p a r is o n ,  
g row th  r a t e s  a r e  e x p r e s s e d  i n  some e x p e r im e n t s  as m i l l i m e t r e s  p e r  
t h i r t y  day m o n th , r e g a r d l e s s  o f  t h e  a c t u a l  d u r a t i o n  o f  t h e  e x p e r im e n t .
I n c r e a s e  i n  mass was a s s e s s e d  b y  t a k i n g  a  f r e s h  w e ig h t  o f  each  
p l a n t  a t  t h e  b e g i n n i n g  and  a t  t h e  en d  o f  t h e  c u l t u r e  p e r i o d .  The 
p l a n t s  w ere  s o a k e d  i n  s e a w a te r  a t  8 t o  12°C f o r  a t  l e a s t  e i g h t  h o u r s  
b e f o r e  u s e .  They w ere  t h e n  b l o t t e d  w i th  p a p e r  t o w e l s  and  w e ig h e d  
im m e d ia te ly  t o  t h e  n e a r e s t  0 . 1  mg on a  M e t t l e r  %rpe h6 s i n g l e  pan  
b a l a n c e .
E x p e r im e n ta l  e r r o r  i n  f r e s h  w e ig h t  was a s s e s s e d  by  w e ig h in g ,  
r e s u b m e rg in g  b r i e f l y  and  r e w e ig h in g  a s e r i e s  o f  50 F. s p i r a l i s  and  
50 P e l v e t i a  p l a n t s .  The two w e ig h t s  d i f f e r e d  by  tw o p e r c e n t  i n  o n ly  
f o u r  o f  t h e s e  100 p l a n t s ,  and  by  l e s s  t h a n  one p e r c e n t  i n  s e v e n t y - f o u r .  
A more d e t a i l e d  a n a l y s i s  o f  e r r o r  i n  f r e s h  w e ig h t  m easu rem en ts  i s  
g iv e n  i n  A ppend ix  B.
W eight change  was fo u n d  t o  b e  a  s e n s i t i v e  and  v e ry  u s e f u l  
i n d i c a t o r  o f  g row th  s i n c e  t h e  p l a n t ’ s w e ig h t  t y p i c a l l y  i n c r e a s e d  b y  10 
t o  hO% o v e r  a  t e n  day p e r i o d .  W eight changes  w ere  e x p r e s s e d  on a 
r e l a t i v e  b a s i s  a s  f o l l o w s :
( F i n a l  Wt ) -  ( I n i t i a l  Wt) ^  2.qq%
( I n i t i a l  Wt)
The r e l a t i v e  r a t h e r  t h a n  t h e  a b s o l u t e  w e ig h t  g a in  was s e l e c t e d  
as  a  g row th  p a r a m e t e r  b e c a u s e  t h e  r e l a t i v e  w e ig h t  g a in s  o f  t h e  p l a n t s  
o f  a  g iv e n  s p e c i e s  i n  a  g iv e n  t r e a t m e n t  w ere  f a i r l y  s i m i l a r  d e s p i t e  
l a r g e  d i f f e r e n c e s  i n  t h e  s i z e s  o f  p l a n t s  u s e d .
W eight change  was a l s o  e x p r e s s e d  as a  p e r c e n t  g a in  p e r  day t o  
f a c i l i t a t e  co m p a r iso n  o f  r a t e s  b e tw e e n  d i f f e r e n t  e x p e r i m e n t s .  The 
p e r c e n t  w e ig h t  g a i n  p e r  day was c a l c u l a t e d  u s i n g  l o g a r i t h m s  from  t h e  
f o l l o w i n g  f o r m u la ,  i n  w h ich  n. i s  t h e  t im e  i n  days b e tw e e n  i n i t i a l  
an d  f i n a l  w e ig h in g s  :
F i n a l  W eight
I n i t i a l  W eight
X  100%
A c c u r a te  s u r f a c e  a r e a  m easu rem en ts  c o u ld  n o t  b e  o b t a i n e d  f o r  
a l l  t h e  sam ple  p l a n t s  b e c a u s e  o f  t h e  i r r e g u l a r i t i e s  o f  t h e  t h a l l u s  and
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o v e r l a p  o f  b r a n c h e s ,  e s p e c i a l l y  i n  P e l v e t i a . An a c c u r a t e  s u r f a c e
a r e a  m easurem ent o f  t h e  l a r g e r  P e l v e t i a  c o u ld  o n ly  b e  t a k e n  d e s t r u c t i v e l y ,
1 . e .  by  d i v i d i n g  t h e  t h a l l u s  i n t o  s e v e r a l  p i e c e s .  However, s u r f a c e  
a r e a  and  w e ig h t  w ere  fo u n d  t o  b e a r  a  f a i r l y  c o n s t a n t  r e l a t i o n s h i p  t o  
one a n o t h e r ,  so  t h a t  t h e  r e l a t i v e  r a t e  o f  w e ig h t  g a in  i s  a p p r o x im a te ly  
e q u a l  t o  t h e  r e l a t i v e  r a t e  o f  i n c r e a s e  i n  s u r f a c e  a r e a .  T h e r e f o r e  
s u r f a c e  a r e a  m easu rem en ts  w ere  n o t  t a k e n  i n  s u b s e q u e n t  e x p e r i m e n t s .
I n  some e x p e r i m e n t s ,  t h e  number o f  b r a n c h  a p i c e s  on each  p l a n t  was 
c o u n te d  each  t im e  t h e  l e n g t h  was m e a s u re d ,  so  t h a t  t h e  r a t e  o f  i n i t i a t i o n  
o f  new a p ic e s  c o u ld  b e  d e te r m in e d .
2 . U.5  S i m u l a t i o n  o f  t i d e s  i n  c u l t u r e
A t i d a l  s i m u l a t o r  was d e s ig n e d  and  c o n s t r u c t e d  t o  p r o v id e  t h e  
a l t e r n a t i n g  s u b m e rs io n  and  e x p o s u re  w h ich  c h a r a c t e r i s e s  t h e  s h o re  
h a b i t a t .  The a p p a r a t u s  c o n s i s t s  o f  t h r e e  l a r g e  c u l t u r e  t a n k s ,  in  
w h ich  p l a n t s  can  b e  c u l t u r e d  u n d e r  t h r e e  d i f f e r e n t  s e m i d i u r n a l  " t i d a l "  
r e g im e s .  D e t a i l s  o f  t h e  d e s ig n  o f  t h e  t i d a l  s i m u l a t o r  a r e  g iv e n  i n  
A ppend ix  G.
Each o f  t h e  t h r e e  p l a s t i c  m a t e r i a l s  u s e d  i n  t h e  c o n s t r u c t i o n  o f  
t h e  a p p a r a tu s  was t e s t e d  f o r  p o s s i b l e  t o x i c  e f f e c t s  on t h e  f u c o i d s .
Some s l i g h t  e f f e c t s  w ere  o b s e r v e d ,  b u t  t h e y  w ere  n o t  g r e a t  enough t o  b e  
c o n s i d e r e d  s e r i o u s .  The r e s u l t s  o f  t h e s e  t e s t s  a r e  p r e s e n t e d  i n  
d e t a i l  i n  A ppendix  D.
T here  w ere  num erous m e c h a n ic a l  p rob lem s w i t h  t h e  t i d a l  s i m u l a t o r ,  
and  t h e  t a n k s  o f t e n  d i d  n o t  d r a i n  and  f i l l  r e l i a b l y .  Owing t o  t h e s e  
d i f f i c u l t i e s ,  o n ly  one s ix - w e e k  ru n  was c o m p le te d  s u c c e s s f u l l y ,  and  
a l l  o t h e r  t i d e - s i m u l a t i o n  work was c a r r i e d  o u t  m a n u a l ly .
A s e m i d i u r n a l  t i d e  c o u ld  n o t  b e  c o n v e n ie n t l y  s i m u l a t e d  m a n u a l ly ,  
s i n c e  t h i s  w ou ld  r e q u i r e  two v i s i t s  t o  t h e  c u l t u r e  c a b i n e t  each  n i g h t  
f o r  t h e  d u r a t i o n  o f  t h e  e x p e r i m e n t .  T h e r e f o r e  two d i u r n a l  " t i d e "  
r e g im es  o f  f o u r  and  tw e n ty  h o u r s  su b m e rs io n  w ere  s i m u l a t e d  m a n u a l ly  as 
f o l l o w s .  Two p l a t e s  o f  young  p l a n t s  w e ig h in g  b e tw e e n  50 and  1000 
m i l l i g r a m s  w ere  c u l t u r e d  as  d e s c r i b e d  i n  s e c t i o n  2.h .h  e x c e p t  t h a t  one 
p l a t e  o f  a l g a e  was p l a c e d  i n  an empty t a n k  an d  t h e  o t h e r  i n  an a e r a t e d  
t a n k  c o n t a i n i n g  5 l i t r e s  o f  medium. Each m o rn in g ,  t h e  two p l a t e s  w ere  
i n t e r c h a n g e d  b e tw e e n  t h e  empty and  f u l l  t a n k s , and  t h e y  w ere  i n t e r c h a n g e d
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a g a in  f o u r  h o u r s  l a t e r .  I n  t h i s  way, one p l a t e  o f  a lg a e  r e c e i v e d  
f o u r  h o u r s  su b m e rs io n  i n  medium and t h e  o t h e r  p l a t e  tw e n ty  h o u r s , 
e a ch  day . The p l a t e  w h ich  s p e n t  o n ly  f o u r  h o u r s  p e r  day i n  t h e  
medium r e c e i v e d  t h i s  f o u r  h o u r  s u b m e rs io n  d u r in g  t h e  l i g h t  p e r i o d  
o f  t h e  c u l t u r e  c a b i n e t ' s  d a y / n i g h t  c y c l e .
An o c c a s i o n a l  e r r o r  was made i n  t h e  t im in g  o f  t h e  e x c h a n g e s , t h e  
most s e r i o u s  o f  w hich l e d  t o  a  6 i / l T a  h o u r  c y c le  on two o c c a s i o n s .
S in c e  t h i s  s t i l l  gave a  v e ry  l o n g  su b m e rs io n  t o  t h e  2 0 -h o u r  p l a t e  as 
com pared t o  t h e  4 - h o u r  p l a t e ,  and  s i n c e  t h e  mean t im e s  o f  subm ergence  
o v e r  t h e  d u r a t i o n  o f  t h e  e x p e r im e n t  w ere  n e a r  20 and  4 h o u r s  p e r  d a y , 
t h e  r e s u l t s  w ere  p r o b a b l y  n o t  s e r i o u s l y  a f f e c t e d  by  t h e s e  e r r o r s .
2 .5  M easurement o f  d e s i c c a t i o n  P a t e s  and  " c o l l o i d a l  w a t e r "
2 .5 * 1  R a te  o f  d e s i c c a t i o n  
2 .5 * 1 .1  E x p e r im e n ta l
D e s i c c a t i o n  r a t e s  o f  a l g a l  sam ples  w ere  m ea su red  as f o l l o w s :
A f t e r  t h e  w e t w e ig h t  was d e te r m i n e d ,  t h e  sam p les  w ere  d r i e d  s im u l t a n e o u s l y  
and  r e w e ig h e d  a f t e r  v a r i o u s  i n t e r v a l s  o f  t im e .  I n  most d e t e r m i n a t i o n s  
each  a l g a l  sam ple was s u s p e n d e d  b y  a t h r e a d  o r  p a p e r  c l i p  d u r in g  d r y in g  
so  t h a t  a l l  s u r f a c e s  o f  t h e  p l a n t  w ere  e q u a l l y  e x p o se d  t o  t h e  a i r .
L ay in g  t h e  p l a n t  on a  f l a t  s u r f a c e  w ould  b e t t e r  d u p l i c a t e  n a t u r a l  
c i r c u m s ta n c e s  d u r in g  low t i d e  on t h e  s h o r e ,  b u t  w ou ld  a l s o  c o m p l ic a te  
i n t e r p r e t a t i o n  o f  r e s u l t s  b e c a u s e  p a r t  o f  t h e  p l a n t  i s  p r o t e c t e d  by 
b e i n g  i n  c o n t a c t  w i th  t h e  s u r f a c e .  The d e g re e  o f  p r o t e c t i o n  w ould  
depend  on t h e  shape  o f  t h e  p l a n t  and  would  be  v e ry  d i f f i c u l t  t o  a s s e s s .
A f t e r  t h e  c o u r s e  o f  d e s i c c a t i o n  was th u s  r e c o r d e d ,  t h e  d ry  w e i ^ t s  
o f  t h e  sam ples  w ere  d e te r m in e d .  At f i r s t  d ry  w e ig h t  was o b t a i n e d  by  
d r y in g  t h e  sam p les  f o r  two t o  f o u r  days i n  a  105°C o v e n .  However, 
s i n c e  t h e  h e a t i n g  c o u ld  d r i v e  o f f  s m a l l  amounts o f  o t h e r  s u b s ta n c e s  
as  w e l l - a s  w a t e r ,  t h e  sam p les  i n  l a t e r  e x p e r im e n t s  w ere  t a k e n  t o  
d r y n e s s  f o r  f o u r  days o v e r  s i l i c a  g e l  i n  a  d e s i c c a t o r .  A l l  w e ig h ts  
w ere  t a k e n  t o  t h e  n e a r e s t  0 .1  mg on a M e t t l e r  Type H6 s i n g l e  pan  b a l a n c e .
I n i t i a l l y  t h e  sam p les  w ere  d r i e d  i n  t h e  l a b o r a t o r y ,  i n  w hich  
t e m p e r a t u r e  and  r e l a t i v e  h u m id i ty  v a r i e d  som ew hat, and w ere  t h e r e f o r e  
m o n i to re d  u s in g  a  w et b u l b - d r y  b u lb  h y g ro m e te r .  L a t e r  d e t e r m i n a t i o n s
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were  c a r r i e d  o u t  u n d e r  more s t r i n g e n t l y  c o n t r o l l e d  c o n d i t i o n s .  Both 
d r y in g  and  w e ig h in g  o f  sam p les  w ere  p e r fo rm e d  w i t h i n  t h e  c l o s e d  chambers 
o f  s i x  S t a n to n  Model A48 b a l a n c e s . T h is  m odel h a s  a  p r e c i s i o n  o f  
a b o u t  0 . 5-1  mg and  t h e  b a l a n c e  beam i s  e q u ip p e d  w i th  hooks o v e r  t h e  
pans  from  w hich  o b j e c t s  up t o  one gram can  be su s p e n d e d  and w e ig h ed  
d i r e c t l y .  The volume o f  t h e  chamber i s  a b o u t  40 l i t r e s .  H um id ity  
w i t h i n  t h e  cham ber was r e g u l a t e d  by  means o f  a  3 m o la r  m agnesium 
c h l o r i d e  s o l u t i o n .  F i f t y  m i l l i t r e s  o f  f r e s h  s o l u t i o n  was d i v i d e d  
b e tw e en  f o u r  open  t e n - c e n t i m e t r e  p e t r i  d i s h e s , p l a c e d  i n  e a ch  b a l a n c e  
a few h o u r s  b e f o r e  t h e  sam ple  was i n t r o d u c e d ,  and  l e f t  i n  t h e  c l o s e d  
chamber f o r  t h e  d u r a t i o n  o f  t h e  d e s i c c a t i o n  r a t e  m ea su rem e n ts .
P r e l i m i n a r y  e x p e r im e n t s  w i t h  a  w e t b u l b - d r y  b u lb  h y g ro m e te r  i n c l u d e d  
i n  t h e  s y s te m  showed t h a t  an e s s e n t i a l l y  c o n s t a n t  r e l a t i v e  h u m id i ty  
o f  a b o u t  was m a i n t a i n e d  by  t h e  s o l u t i o n ,  e i t h e r  w i th  o r  w i t h o u t  
an a l g a l  sam ple  w e ig h in g  0 . 3  g d r y in g  i n  t h e  b a l a n c e .  S in c e  t h e  
a r e a  o f  t h e  h y g ro m e te r  w ic k  was s i m i l a r  t o  t h a t  o f  an  0 .3  gram a l g a l  
s a m p le ,  w a t e r  e v a p o r a t i o n  from  i t  p r o b a b ly  d i d  n o t  s e r i o u s l y  a f f e c t  
t h e  o b s e rv e d  r e l a t i v e  h u m id i ty .  I n  t h e  a c t u a l  d e t e r m i n a t i o n  o f  
d e s i c c a t i o n  r a t e ,  t h e  h y g r o m e te r  was n o t  i n c l u d e d  i n  t h e  b a l a n c e  cham ber,  
and  t h e  r e l a t i v e  h u m id i ty  was assum ed t o  be  T5%*
A s e c o n d  a d v a n ta g e  o f  d r y in g  t h e  sam ples  i n  t h e  c l o s e d  b a l a n c e
chambers i s  t h a t  e x t r a n e o u s  a i r  c u r r e n t s  were e x c lu d e d .  The
d e t e r m i n a t i o n s  w ere  c a r r i e d  o u t  i n  a  t h e r m o s t a t - c o n t r o l l e d  room;
n e v e r t h e l e s s  t e m p e r a t u r e  d i d  v a ry  somewhat and was t h e r e f o r e  c a r e f u l l y  
m o n i to re d .
The d i s a d v a n t a g e  o f  t h i s  m ethod i s  t h a t  o n ly  a  few sam p les  c o u ld  
be p r o c e s s e d  s i m u l t a n e o u s l y .  I t  i s  f o r  t h i s  r e a s o n  t h a t  I  r e p o r t  
t h e  r e s u l t s  o f  o t h e r  d e t e r m i n a t i o n s  done u n d e r  l e s s  c o n t r o l l e d  c o n d i t i o n s , 
s i n c e  t h e y  p r o v id e  a c c e s s o r y  d a t a  t o  s u p p o r t  t h e  c o n c lu s i o n s  drawn 
from  t h e  r e s u l t s  o f  t h i s  m ethod.
F o r  e a ch  d e t e r m i n a t i o n ,  v ap o u r  p r e s s u r e  d e f i c i t  and  a tm o s p h e r ic  
w a te r  p o t e n t i a l  w ere  c a l c u l a t e d  from  t h e  t e m p e r a t u r e  and  r e l a t i v e  
h u m id i ty .  The a tm o s p h e r ic  w a t e r  p o t e n t i a l  i s  a  therm odynam ic  p a r a m e t e r  
w hich  r e f l e c t s  t h e  f r e e  e n e rg y  o r  c h e m ic a l  p o t e n t i a l  o f  t h e  w a t e r  
v a p o u r  i n  t h e  a tm o s p h e re .  I t  i s  d e te rm in e d  from  t h i s  fo rm u la :
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R T
w l o g
r e l a t i v e  h u m i d i t y , %
100%
w here R i s  t h e  gas  c o n s t a n t ,  T i s  t h e  a b s o l u t e  t e m p e r a t u r e ,  V i s  
t h e  p a r t i a l  m o la l  volume o f  w a t e r ,  and RT/V = 1375 b a r s  a t  298°K.
The v a p o u r  p r e s s u r e  d e f i c i t  i s  t h e  d i f f e r e n c e  b e tw e en  t h e  a c t u a l  
a tm o s p h e r ic  w a t e r  v a p o u r  p r e s s u r e  and  t h a t  o f  an a tm o sp h e re  o f  t h e  
same t e m p e r a t u r e  and  a t  100% r e l a t i v e  h u m id i ty .  The w a t e r  p o t e n t i a l  
o f  t h e  a tm o sp h e re  g o v e rn s  how much w a t e r  r em a in s  i n  t h e  p l a n t  t i s s u e  
when i t  h a s  come i n t o  w a t e r  e q u i l i b r i u m  w i th  t h e  a tm o s p h e r e , w h i l e  
t h e  v a p o u r  p r e s s u r e  d e f i c i t  g o v e rn s  how r a p i d l y  w a t e r  i s  l o s t .  Thus 
a c o ld  and  a  warm a tm o sp h e re  may have  t h e  same w a t e r  p o t e n t i a l  so 
t h a t  t i s s u e s  w i l l  e v e n t u a l l y  become e q u a l l y  d ry  i n  b o t h ,  b u t  t h e y  w i l l  
d ry  o u t  much more q u i c k l y  i n  t h e  warm a tm o sp h e re  w h ich  h a s  t h e  g r e a t e r  
v a p o u r  p r e s s u r e  d e f i c i t .  Thus i n i t i a l  d e s i c c a t i o n  r a t e s  a r e  r e l a t e d  
t o  v a p o u r  p r e s s u r e  d e f i c i t ,  w h i l e  t h e  e q u i l i b r i u m  w a t e r  c o n te n t  o f  t h e  
a i r - d r y  p l a n t  i s  r e l a t e d  t o  t h e  w a t e r  p o t e n t i a l .
2 . 5 ' 1 . 2  C a l c u l a t i o n  o f  r a t e  p a r a m e te r s
The o r i g i n a l  w a t e r  c o n t e n t  o f  each  sam ple  was d e te r m in e d  by 
s u b t r a c t i n g  t h e  d ry  w e ig h t  from  t h e  w et w e i g h t .  The d ry  w e ig h t  was 
t h e n  s u b t r a c t e d  from  e a c h  o f  t h e  w e ig h ts  t a k e n  d u r in g  t h e  c o u rs e  o f  
d e s i c c a t i o n  t o  o b t a i n  r e m a in in g  w a t e r  c o n t e n t s .  I t  was fo u n d  t h a t  
w a t e r  l o s s  p r o c e e d s  i n  a  r o u ^ l y  l o g - l i n e a r  p a t t e r n  w i th  t im e  o v e r  
t h e  f i r s t  few h o u r s  , b u t  becomes q u i t e  s low  l a t e r  when t h e  p l a n t  h a s  
l o s t  m ost o f  i t s  w a t e r .  T h e r e f o r e  t h e  r a t e  o f  d e s i c c a t i o n  o v e r  t h e  
f i r s t  one o r  two h o u r s  was e x p r e s s e d  as a  r e l a t i v e  t i s s u e  d e h y d r a t io n  
r a t e  :
-  l o g w a t e r  c o n te n t  a f t e r  t  h o u r s  d r y in g
w a te r  c o n te n t  
b e f o r e  d r y in g
t
I n  some o f  t h e  d e t e r m i n a t i o n s , p l a n t  s u r f a c e  a r e a  was o b t a i n e d  
and  e v a p o r a t i o n  f l u x  was m easu red  d u r in g  t h e  i n i t i a l ,  m ost
r a p i d  w a t e r  l o s s  :
D -
Û6
( w e ig h t  a f t e r  d r y in g  t  h o u r s )  -  (w et w e ig h t )
( t )  ( s u r f a c e  a r e a )
The s u r f a c e  a r e a  m easu rem en ts  w ere  a l s o  u s e d  t o  o b t a i n  t h e  r a t i o s  
o f  s u r f a c e  a r e a  t o  f r e s h  w e ig h t  f o r  e a ch  sa m p le .  T h is  r a t i o  
d e te r m in e s  how f a s t  t h e  t i s s u e  becomes d ry  ( r )  a t  a  g iv e n  e v a p o r a t i o n  
f l u x  (D).
S u r f a c e  a r e a s  o f  t h e  sam p les  w ere  d e te r m in e d  by g e n t l y  f l a t t e n i n g  
t h e  t h a l l i  b e tw e e n  g l a s s  p l a t e s  and  p h o to c o p y in g  them  t w i c e .  The 
d u p l i c a t e  im ages w ere  t h e n  c a r e f u l l y  c u t  o u t  and  w e ig h e d .  The a r e a  t o  
w e ig h t  r a t i o  o f  t h e  p h o to c o p y  p a p e r  was d e te r m in e d  by  w e ig h in g  t e n  t o  
tw e n ty  p i e c e s  c u t  t o  a  known a r e a .  From t h i s  r a t i o  and  t h e  mean w e ig h t  
o f  t h e  two c u t - o u t  p h o t o c o p i e s  o f  t h e  s a m p le ,  t h e  s a m p l e ' s  s u r f a c e  
a r e a  was d e te r m in e d .  The r e s u l t  was m u l t i p l i e d  b y  two t o  o b t a i n  t h e  
s u r f a c e  a r e a  o f  b o t h  s i d e s  o f  t h e  t h a l l u s .  How ever, t h i s  m ethod  does 
n o t  t a k e  i n t o  a c c o u n t  t h e  s u r f a c e s  o f  t h e  edges o f  t h e  t h a l l u s  w hich  
a r e  o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  x e ro x  p l a t e ,  and t h e r e f o r e  n o t  
p h o to c o p ie d .  I n  t h e  b r o a d ,  f l a t t e n e d  F u c u s , t h e  edge s u r f a c e  i s  
n e g l i g i b l e ,  b u t  P e l v e t i a  and  A sco p h y llu m  t h a l l i  a r e  o n ly  two t o  f o u r  
t im e s  as w ide  as  t h i c k ,  and  o m is s io n  o f  t h e  edge  c o n s t i t u t e s  a  s e r i o u s  
u n d e r e s t i m a t e .  T h e r e f o r e  a  s e r i e s  o f  m easu rem en ts  w ere  made on 
c r o s s  s e c t i o n s  o f  t h e s e  two s p e c i e s  t o  o b t a i n  a  c o r r e c t i o n  f a c t o r  o f  
1 . 3 6  f o r  P e l v e t i a  and  I . I 5 f o r  A sc o p h y l lu m . F o r  d e t a i l s  on t h e  
d e r i v a t i o n  o f  t h e s e  f a c t o r s ,  s e e  A ppend ix  E.
P h o to co p y  p a p e r  from  t h e  same p a c k ag e  was u s e d  f o r  a l l  s u r f a c e  
a r e a  m easu rem en ts  i n  any one e x p e r i m e n t ,  and  t h e  a r e a  t o  w e ig h t  r a t i o  
o f  t h e  p a p e r  was r e - d e t e r m i n e d  w h en ev e r  a  new p a c k ag e  was o p en ed  f o r  a  
new e x p e r im e n t .
2 . 5*2 C o l l o i d a l  W ater  S e n te n t
When a  p l a n t  t i s s u e  h a s  come t o  w a t e r  e q u i l i b r i u m  w i t h  t h e  
s u r r o u n d i n g  a tm o s p h e re ,  i t  i s  s a i d  t o  b e  " a i r - d r y " . I t  s t i l l  c o n t a i n s  
some w a t e r ,  b u t  does n o t  c o n t a i n  any w a t e r  w hich  can  b e  l o s t  t o  t h e  
a tm o s p h e re .  The t e r m  " c o l l o i d a l  w a te r "  i s  som etim es u s e d  t o  r e f e r  t o
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t h i s  w a t e r  w h ich  i s  so  t i g h t l y  h ound  i n  t h e  c e l l s  and  i n t e r c e l l u l a r  
m u c i la g e  t h a t  i t s  c h e m ic a l  p o t e n t i a l  i s  e q u a l  t o  o r  lo w e r  ( i e .  more 
n e g a t i v e )  t h a n  t h a t  o f  t h e  w a t e r  v a p o u r  i n  t h e  a i r .  The q u a n t i t y  
o f  c o l l o i d a l  w a t e r  i s  r e l a t e d  t o  t h e  a tm o s p h e r ic  w a t e r  p o t e n t i a l .  
T h e r e f o r e ,  when t h e  te rm s  " c o l l o i d a l  w a t e r "  and  " a i r - d r y "  a r e  u s e d ,  
t h e y  m ust h e  q u a l i f i e d  hy  s t a t i n g  t h e  a tm o s p h e r ic  w a t e r  p o t e n t i a l  
a t  w hich  t h e y  a r e  m ea su re d .  T h a t  p r o p o r t i o n  o f  t h e  p l a n t ' s  t i s s u e  
w a t e r  w hich  i s  a t  a  h i g h e r  ( l e s s  n e g a t i v e )  p o t e n t i a l  t h a n  t h e  
a tm o s p h e r e 's  w a t e r  v a p o u r  w i l l  h e r e a f t e r  h e  r e f e r r e d  t o  a s  " v o l a t i l e  
w a t e r " .  T h is  t e r m  w i l l  a l s o  h e  q u a l i f i e d  hy  s t a t i n g  t h e  w a t e r  
p o t e n t i a l  a t  w hich  i t  i s  d e te r m in e d .
The c a p a c i t y  o f  t h e  d i f f e r e n t  f u c o i d  s p e c i e s  t o  r e t a i n  " c o l l o i d a l  
w a t e r "  a t  a  g iv e n  w a t e r  p o t e n t i a l  was d e te r m in e d  from  t h e  f r e s h  w e i g h t , 
t h e  " a i r - d r y  w e ig h t"  and  t h e  d ry  w e i ^ t  o b t a i n e d  h y  d r y in g  i n  t h e  oven 
o r  o v e r  s i l i c a  g e l .  Two p a r a m e t e r s  o f  t h e  c o l l o i d a l  w a t e r  c o n t e n t  
w ere  c a l c u l a t e d :
P e r c e n t  o f  t o t a l  _ a i r - d r y  w e ig h t  -  d ry  w e ig h t  ^  ioo%
w a t e r  c o n t e n t  , . . .   ^ , ,, . , w e t  w e ig h t  -  d ry  w e ig h tr e t a i n e d  as  j <=>
c o l l o i d a l  w a t e r
c o l l o i d a l  w a t e r  a i r - d r y  w e ig h t  -  d ry  w e ig h t
r e ta in e d  p e r  100 g = --------- 7 --------V 7 ------- ---------  ^ ®
dry m atter  * c ig k t
2 .6  A sse s sm e n t  o f  a f f e c t s  o f  e n v i r o n m e n ta l  s t r e s s e s
I n  o r d e r  t o  com pare t h e  e f f e c t s  o f  d e s i c c a t i o n  and  o t h e r  p h y s i c a l  
e n v i r o n m e n ta l  f a c t o r s ,  i n t a c t  young  p l a n t s  b e tw e e n  30 and  1000 mg w ere  
s u b j e c t e d  t o  e x p e r i m e n t a l  s t r e s s e s  u n d e r  known c o n d i t i o n s .  A f t e r  
t h e  s t r e s s  p e r i o d ,  e i t h e r  t h e  p h o t o s y n t h e t i c  r a t e  was m ea su red  and  
com pared t o  t h e  r a t e  o b t a i n e d  b e f o r e  t h e  s t r e s s ^  o r  g row th  r a t e  was 
m ea su red  and  com pared  t o  t h a t  o f  c o n t r o l  p l a n t s  w h ich  d i d  n o t  r e c e i v e  
t h e  s t r e s s .
2 . 6 . 1  E x p e r im e n ta l  s t r e s s  c o n d i t i o n s
The e f f e c t s  o f  d e s i c c a t i o n  a t  v a r i o u s  t e m p e r a t u r e s  and  a tm o s p h e r ic
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w a t e r  p o t e n t i a l s  w ere  i n v e s t i g a t e d  as  f o l l o w s .  The sam p les  w ere  
p l a c e d  i n  d e s i c c a t o r s  o r  a i r t i g h t  j a r s  o v e r  aqueous  s o l u t i o n s  o f  
w hich  m a i n t a i n e d  a c o n s t a n t  r e l a t i v e  h u m id i ty  i n  t h e  e n c l o s e d  s p a c e .
The c o n c e n t r a t i o n s  w ere  s e l e c t e d  t o  o b t a i n  t h e  d e s i r e d  r e l a t i v e  
h u m i d i t i e s  u s in g  d a t a  f rom  McLean and  Cook ( l 9 U l ) .
The a l g a e  i n  t h e  a i r t i g h t  c o n t a i n e r s  w e re  p l a c e d  e i t h e r  i n  t h e  
c u l t u r e  c a b i n e t  (8 -1 2 ^ C ) ,  o r  i n  a  warm c u l t u r e  c a b i n e t  a t  25“ 2T°C 
u n d e r  c o n s t a n t  i l l u m i n a t i o n  from  f l u o r e s c e n t  t u b e s .  When t h e  e f f e c t s  
o f  t h e  two d i f f e r e n t  t e m p e r a t u r e s  on t h e  sam p les  were com pared , t h e  
d e s i c c a t o r s  o r  j a r s  i n  b o t h  c u l t u r e  c a b i n e t s  w ere  c o v e re d  i n  t h e  
e v e n in g  w i t h  b l a c k  p o l y th e n e  o r  an opacjue b o x ,  and  u n c o v e re d  i n  t h e  
m o rn ing  i n  o r d e r  t o  o b t a i n  i d e n t i c a l  d a y / n i ^ t  c y c l e s .
The a tm o s p h e r ic  w a t e r  p o t e n t i a l  was c a l c u l a t e d  from  t h e  t e m p e r a t u r e  
and  r e l a t i v e  h u m id i ty  o v e r  t h e  s u l f u r i c  a c i d  s o l u t i o n ,  u s in g  t h e  
fo rm u la  g iv e n  i n  s e c t i o n  2 . 5 . 1 . 1 .
The sam p les  w ere  a l l o w e d  t o  d ry  i n  t h e  c u l t u r e  room o r  t h e  
l a b o r a t o r y  u n t i l  t h e y  l o s t  a t  l e a s t  t h r e e  q u a r t e r s  o f  t h e i r  t i s s u e  
w a t e r  b e f o r e  b e i n g  i n t r o d u c e d  i n t o  t h e  c l o s e d  c o n t a i n e r s .  T h is  was 
done so  t h a t  t h e  a c i d  s o l u t i o n  w ou ld  n o t  a b s o rb  a l a r g e  q u a n t i t y  o f  
w a t e r  from  t h e  p l a n t s ,  t h u s  c o n s i d e r a b l y  c h a n g in g  i n  c o n c e n t r a t i o n .
At l e a s t  50 g o f  s o l u t i o n  and  f i v e  p a r t l y  d r i e d  p l a n t s  c o n t a i n i n g  a 
maximum o f  0 . 3  g o f  v o l a t i l e  w a t e r  w ere  i n t r o d u c e d  i n t o  each  a i r t i g h t  
j a r  so  t h a t  t h e  c o n c e n t r a t i o n  o f  t h e  s o l u t i o n  c o u ld  n o t  change  by  
more t h a n  0.6% d u r i n g  t h e  e q u i l i b r a t i o n .
The i n f l u e n c e  o f  t h e  d u r a t i o n  o f  e x p o s u re  and  o f  o t h e r  f a c t o r s  
upon t h e  e f f e c t  o f  a  d r o u g h t  s t r e s s  was a l s o  i n v e s t i g a t e d .  I n  many 
o f  t h e s e  d e t e r m i n a t i o n s , t h e  p l a n t s  w ere  d r i e d  i n  t h e  warm room whose 
t e m p e r a t u r e  and  r e l a t i v e  h u m id i ty  w ere  m o n i to re d  w i th  w et and  d ry  
b u lb  t h e  rm o m e te r s .
I n  a  few e x p e r i m e n t s ,  t h e  a l g a e  w ere  d r i e d  i n  t h e  l a b o r a t o r y ,  and  
t e m p e r a t u r e  and  r e l a t i v e  h u m id i ty  w ere  m o n i to re d .  D e t a i l s  o f  t h e  
s t r e s s  c o n d i t i o n s  and  p r o c e d u r e s  a r e  g iv e n  w i t h  t h e  r e l e v a n t  e x p e r im e n t s
2 . 6 . 2  A sse ssm e n t  o f  d f f e c t s  o f  s t r e s s  upon P h o t o s y n t h e s i s
The p h o t o s y n t h e s i s  r a t e s  o f  sam ple  p l a n t s  w ere  m ea su red  by
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d e te r m in in g  t h e  r a t e  o f  oxygen  e v o l u t i o n .  About tw e lv e  h o u rs  b e f o r e  
t h e  d e t e r m i n a t i o n ,  a  s t o p p e r e d  t e n  l i t r e  g l a s s  b o t t l e  e q u ip p e d  w i th  
a  t a p  n e a r  t h e  b o t to m  was f i l l e d  w i t h  s e a w a t e r ,  p l a c e d  i n  t h e  8-12°C 
c u l t u r e  c a b i n e t  and a l lo w e d  t o  e q u i l i b r a t e  t o  t h i s  t e m p e r a t u r e .  Then 
a  s e r i e s  o f  275 ml g l a s s  b o t t l e s  e q u ip p e d  w i th  g ro u n d  g l a s s  s t o p p e r s  
were c a r e f u l l y  f i l l e d  from  t h e  l a r g e  b o t t l e  v i a  a  s h o r t  l e n g t h  o f  
p l a s t i c  t u b i n g  c o n n e c te d  t o  t h e  t a p .  C are  was t a k e n  t o  a v o id  t u r b u l e n c e ,  
and  an e x c e s s  o f  1 00-200  ml o f  s e a w a te r  was a l lo w e d  t o  o v e r f lo w  from  
each  b o t t l e  t o  a s s u r e  t h a t  t h e  s e a w a te r  i n s i d e  was homogenous i n  
oxygen c o n c e n t r a t i o n .  The f i r s t  and  l a s t  b o t t l e s  f i l l e d  were u s e d  
as  c o n t r o l s  t o  d e te r m in e  t h e  i n i t i a l  oxygen c o n c e n t r a t i o n  o f  t h e  s e a ­
w a t e r .  One a l g a l  sam ple  was i n t r o d u c e d  i n t o  e a ch  o f  t h e  r e m a in in g  
b o t t l e s  w hich  w ere  t h e n  i n c u b a t e d  i n  t h e  l i g h t  f o r  one t o  two h o u r s .
In  t h e  e a r l y  e x p e r i m e n t s , t h e y  w ere  i l l u m i n a t e d  f rom  above and  b e lo w  
by  f o u r  o r  s i x  P h i l i p s  Warm W hite  F l u o r e s c e n t  t u b e s  g i v i n g  an i r r a d i a n c e  
o f  50-80  m g - c a l / c m ^ - m in . , w h i l e  i n  l a t e r  e x p e r i m e n t s ,  t h e y  w ere  
i l l u m i n a t e d  o n ly  from  above by  t h r e e  P h i l i p s  D a y l ig h t  t u b e s  y i e l d i n g  
25m g-ca l/cm ^ -m in . The warm w h i t e  t u b e s  w ere  u s e d  i n  t h e  e a r l y  
e x p e r im e n ts  b e c a u s e  t h e  d a y l i g h t  t u b e s  w ere  n o t  a v a i l a b l e  a t  t h e  t im e .
The p l a n t s  p h o t o s y n t h e s i z e d  a t  s i m i l a r  r a t e s  u n d e r  t h e  two d i f f e r e n t  
r e g i m e s .
I n  i n i t i a l  e x p e r i m e n t s ,  t h e  p l a n t  was l e f t  i n  t h e  b o t t l e  a t  
t h e  t im e  o f  f i x a t i o n ,  b u t  t h i s  was fo u n d  t o  r e d u c e  somewhat t h e  m easu red  
oxygen c o n c e n t r a t i o n .  T h e r e f o r e ,  i n  s u b s e q u e n t  e x p e r i m e n t s ,  t h e  
p l a n t  was f a s t e n e d  t o  a  t h r e a d ,  t h e  end  o f  w hich  was a l lo w e d  t o  e x te n d  
o u t  o f  t h e  s t o p p e r e d  b o t t l e ,  so  t h a t  t h e  p l a n t  c o u ld  be  rem oved e a s i l y  
a t  t h e  end o f  t h e  i n c u b a t i o n  p e r i o d .  The t h r e a d  p a s s i n g  th r o u g h  t h e  
g round  g l a s s  c o n n e c t io n  b e tw e e n  t h e  b o t t l e  n eck  and  s t o p p e r  was found  
n o t  t o  c a u se  any l e a k a g e  o r  i n t a k e  o f  a i r  i n t o  t h e  b o t t l e  d u r in g  
i n c u b a t i o n .
Im m e d ia te ly  a f t e r  i n c u b a t i o n ,  t h e  sam ples  w ere  w ith d ra w n  and 
t h e  oxygen c o n c e n t r a t i o n  o f  t h e  s e a w a te r  i n  e a ch  b o t t l e  was d e te r m in e d  
by  t h e  W in k le r  m ethod d e t a i l e d  by  S t r i c k l a n d  and P a r s o n s  ( 1 9 6 8 ) .
The oxygen c o n c e n t r a t i o n  fo u n d  i n  t h e  c o n t r o l  b o t t l e s  was 
s u b t r a c t e d  from  t h a t  fo u n d  i n  each  sam ple b o t t l e  t o  o b t a i n  t h e  n e t
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change  due t o  t h e  com bined p h o t o s y n t h e s i s  and  r e s p i r a t i o n  o f  t h e
a l g a l  s a m p le .  Wet p h o t o s y n t h e t i c  r a t e  i n  p m o les  O^/g f r e s h  w t - h o u r  
was c a l c u l a t e d  as f o l lo w s  :
R a te  =
n e t  change  i n  0 c o n c e n t r a t i o n  
i n  n m o l e s / l i t r e ____________
( b o t t l e  volume i n  l i t r e s )
( p l a n t  w e t w e ig h t  i n  grams ) l e n g t h  o f  i n c u b a t i o n  
( p e r i o d  i n  h o u r s
The volume o f  each  b o t t l e  was m ea su red  t o  t h e  n e a r e s t  0 .1  ml by 
w e ig h in g  t h e  d r y ,  empty b o t t l e ,  and  r e w e ig h in g  a f t e r  f i l l i n g  w i th  
d i s t i l l e d  w a t e r ,  and  t h i s  volume was w r i t t e n  d i r e c t l y  on t h e  b o t t l e  
w i th  a  diamond p e n .
I t  was fou n d  i n  p r e l i m i n a r y  d e t e r m i n a t i o n s  t h a t  b u b b le s  o f  oxygen 
a c c u m u la te d  on t h e  p l a n t  d u r in g  t h e  i n c u b a t i o n  and  w ere  l o s t  when t h e  
p l a n t  was w ith d ra w n  from  t h e  b o t t l e .  T h e r e f o r e ,  t h e  10 l i t r e  j a r  o f  
s e a w a te r  was p a r t i a l l y  d e o x y g e n a te d  t o  50- 75% s a t u r a t i o n  b e f o r e  b e i n g  
p l a c e d  i n  t h e  c u l t u r e  c a b i n e t  t o  c o o l .  T h is  was done by  b u b b l in g  
n i t r o g e n  th ro u g h  t h e  s e a w a te r  f o r  20 -40  s e c o n d s ,  and t h e n  i n v e r t i n g  
t h e  b o t t l e  t e n  t o  tw e n ty  t im e s  t o  mix t h o r o u g h l y .  A lso  t h e  sam p le  
b o t t l e s  w ere  a g i t a t e d  p e r i o d i c a l l y  d u r in g  t h e  i n c u b a t i o n  i n  o r d e r  t o  
p r e v e n t  a  " s h e l l "  o f  s t a t i c ,  o x y g e n - s a t u r a t e d  s e a w a te r  from  a c c u m u la t in g  
a ro u n d  t h e  p l a n t s .  T h is  e l i m i n a t e d  m ost o f  t h e  b u b b le  f o r m a t i o n .
The e f f e c t  o f  a  d ro u g h t  s t r e s s  upon s u b s e q u e n t  oxygen e v o l u t i o n  
r a t e s  o f  t h e  d i f f e r e n t  f u c o i d s  was compared u s in g  t h i s  m ethod t o  
m easu re  p h o t o s y n t h e t i c  r a t e  b e f o r e  and  a f t e r  d r y i n g .  I n  some 
d e t e r m i n a t i o n s ,  t h e  d i f f e r e n t  s p e c i e s '  a b i l i t y  t o  resum e p h o t o s y n t h e s i s  
im m e d ia te ly  a f t e r  b e i n g  re su b m e rg e d  was i n v e s t i g a t e d .  I n  o t h e r s ,  
t h e  seaw eeds w ere  r e s o a k e d  i n  s e a w a te r  f o r  a  p e r i o d  o f  t im e  and t h e i r  
p h o t o s y n t h e t i c  r a t e  a f t e r  t h i s  r e c o v e r y  p e r i o d  was m easu red .
2 . 6 . 3  A ssessm en t  o f  e f f e c t s  o f  s t r e s s e s  upon s u b s e q u e n t  s u r v i v a l  and  
g ro w th .
From f i v e  t o  f i f t e e n  young p l a n t s  o f  each  s p e c i e s  w ere  s e l e c t e d  
f o r  each  e x p e r i m e n t a l  t r e a t m e n t ,  and  t h e i r  f r e s h  w e ig h ts  and  l e n g t h s  
w ere  m easu red .  They w ere  t h e n  s u b j e c t e d  t o  d e s i c c a t i o n  o r  o t h e r
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e x p e r i m e n t a l  s t r e s s ,  r e s u b m e rg e d  i n  s e a w a te r  a t  lO^C ± 2°C f o r  12  t o  
24 h o u r s ,  and r e w e ig h e d .  T h is  s e c o n d  w e ig h t  d i f f e r e d  f ro m , and  was 
u s u a l l y  lo w e r  t h a n  t h e  p r e - s t r e s s  w e i g h t s .  The m ag n i tu d e  o f  t h i s  
d i s c r e p a n c y  was fo u n d  t o  r e f l e c t  t h e  s e v e r i t y  o f  damage s u f f e r e d ,  
and  t h i s  i n i t i a l  w e ig h t  change was c a l c u l a t e d  i n  each  e x p e r im e n t  as 
f o l lo w s  :
f r e s h  w e ig h t  a f t e r  s t r e s s  and 
1 2 -2 4  h o u r s  r e c o v e r y  i n  s e a w a te r
f r e s h  w e ig h t  
b e f o r e  s t r e s s
X  100%
( ■Pr’pit^ 'h vrei rrVi-F. J
j f r e s h  w e ig h t  a f t e r  s t r e s s  and 
yl 2 " 2 4  h o u r s  r e c o v e r y  i n  s e a w a te r  
The l e n g t h  o f  r e c o v e r y  p e r i o d  u s e d  was t h e  same f o r  a l l  p l a n t s  i n  a
g iv e n  e x p e r im e n t .
The p l a n t s  w ere  t h e n  c u l t u r e d  f o r  a  p e r i o d  o f  t e n  t o  f i f t e e n  days 
and t h e i r  g row th  m o n i to r e d  by  t h e  m ethods d e s c r i b e d  i n  s e c t i o n  2 . 4 . 4 .
I n  some e x p e r i m e n t s ,  f i v e  o r  t e n  c o n t r o l  p l a n t s  o f  e a ch  s p e c i e s  w ere  
c u l t u r e d  o v e r  t h e  same p e r i o d  w i t h o u t  b e i n g  s u b j e c t e d  t o  an e x p e r i m e n t a l  
s t r e s s  b e f o r e h a n d .
The w e ig h t  and  l e n g t h  t a k e n  b e f o r e  t h e  s t r e s s  was a d m i n i s t e r e d  
w ere  u s e d  as t h e  i n i t i a l  m easu rem en ts  from  w hich  t o  c a l c u l a t e  g row th  
r a t e s .  The w e ig h t  t a k e n  a f t e r  12 t o  24 h o u r s  r e c o v e r y  i n  s e a w a te r  
r e f l e c t s  t h e  s h o r t  t e r m  e f f e c t s  o f  t h e  s t r e s s ,  and  t h e r e f o r e  i s  n o t  
t r u l y  an " i n i t i a l "  m easu rem en t.  The p l a n t  was assum ed n o t  t o  b e  
g row ing  d u r in g  t h e  p e r i o d  o f  s t r e s s ,  and  t h i s  was n o t  c o n s i d e r e d  p a r t  
o f  t h e  g row th  p e r i o d .  F o r  e x a m p le ,  i f  t h e  p l a n t s  w ere  w e ig h e d  on Day 1 ,  
d r i e d  u n t i l  Day 4 ,  an d  t h e n  c u l t u r e d  u n t i l  Day l 4 , t h e  l e n g t h  and  w e ig h t  
changes  w ere  c a l c u l a t e d  from  m easurem en ts  t a k e n  Day 1 and  Day l 4 ,  and  t h e  
g row th  r a t e  was e x p r e s s e d  on t h e  b a s i s  o f  t h e  t e n  day c u l t u r e  p e r i o d .
T i s s u e  damage due t o  t h e  e x p e r i m e n t a l  s t r e s s  became e v i d e n t  as  
r e d d i s h ,  decom posing  p a t c h e s  o r  a r e a s  on t h e  t h a l l u s .  I t  was fo u n d  
i n  p r e l i m i n a r y  e x p e r im e n ts  t h a t  many p l a n t s  w hich  showed c o n s i d e r a b l e  
damage and  d e c r e a s e d  s l i ^ t l y  i n  w e ig h t  and  l e n g t h  d u r in g  t h e  f i r s t  
t e n  t o  f i f t e e n  days a f t e r  t h e  s t r e s s  s u b s e q u e n t ly  r e g e n e r a t e d  a t  t h e  
a p ic e s  and  resum ed  g ro w th .  Only t h o s e  p l a n t s  whose a p i c e s  were 
c o m p le te ly  d e s t r o y e d  and  w h ich  d e c r e a s e d  g r e a t l y  i n  w e ig h t  w ere  a c t u a l l y  
d ead . T h e r e f o r e ,  t h e  c o n d i t i o n  o f  t h e  p l a n t s  was ju d g e d  on t h e  b a s i s  
o f  b o t h  a p p e a r a n c e  and  g ro w th ,  and  was q u a n t i f i e d  i n  some e x p e r im e n t s
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u s in g  t h e  s i x t e e n  p o i n t  " s u r v i v a l  in d e x "  d e t a i l e d  i n  T a b le  3.
C o n t r o l  p l a n t s  g e n e r a l l y  s c o r e d  0  t o  3 ,  so  t h a t  v a lu e s  b e tw e e n  4  and  
12  i n d i c a t e  v a r y i n g  d e g re e s  o f  s u b l e t h a l l d a m a g e .
T a b le  3 : S u r v i v a l  I n d e x  u s e d  t o  a s s e s s  im p a c t  o f
e x p e r i m e n t a l  s t r e s s  upon young p l a n t s .  S in c e  
c o n t r o l  p l a n t s  o f  P e l v e t i a  grew more s lo w ly  t h a n  
t h o s e  o f  Fuchs s p p ,  and  g row th  r a t e s  o f  Fucus 
c o n t r o l s  v a r i e d  c o n s i d e r a b l y  b e tw e e n  d i f f e r e n t  
e x p e r i m e n t s ,  p o i n t s  f o r  g row th  w ere  a s s i g n e d  on 
d i f f e r e n t  s c a l e s  f o r  P e l v e t i a  and  f o r  s low  and  
f a s t  g row ing  F u c u s .
L i n e a r  g row th  i n  10 d a y s , ;mm
P o i n t s P e l v e t i a  Fucus - c o n t r o l s Fucus -  c o n t r o l s
g ro w in g  s lo w ly grow ing  r a p i d l y
4 5 2 .5  % 4 .0 ^ 4 .0
3 1 . 5  t o  2 . 0  2 . 5  t o  3 .5 3 . 0  t o  4 . 5
2 0 . 5  t o  1 . 0  1 . 0  t o  2 . 0 1 . 0  t o  2 . 5
1 - 0 . 5  t o  0 - 0 . 5  t o  0 . 5 - 0 . 5  t o  0 . 5
0 < - 1 . 0 ^ " 1 . 0 ^ - 1 . 0
% w t change  i n  10  days
P o i n t s P e l v e t i a  Fucus -  c o n t r o l s Fucus -  c o n t r o l s
g row ing  s lo w ly g ro w in g  r a p i d l y
4 %30.1% %2 0 . 1% 5 3 0 . 1%
3 1 5 . 1  t o  30% 1 0 . 1  t o  20% 1 5 . 1  t o  30%
2 0 . 1  t o  1 5 % 0 . 1  t o  10% 0 . 1  t o  15%
1 - 1 4 .9  t o  0% - i 4 . 9  t o  0% - 1 4 . 9  t o  0%
0 < -1 5 % 3- 1 5% 3- 1 5%
A p p ro x im a te  P e r c e n t  o f  T h a l lu s a r e a  damaged
P o i n t s
4 <5
3 5 -  25
2 25 -  50
1 50 -  95
0 100
C o n d i t io n  o f  A p ices
P o i n t s
4 Normal
3 S l i g h t l y  n a rro w e d  a n d /o r ' damaged
2 Damaged a n d / o r  n a r ro w e d t o  l e s s  t h a n  h a l f  o f  n o rm a l
w i d t h ,  b u t  c l e a r l y  r e g e n e r a t i n g
1 S e v e r e l y  dam aged, some l i v e  t i s s u e  p r e s e n t
0 C o m p le te ly  d e s t r o y e d
l 6 Maximum p o s s i b l e  t o t a l
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I n i t i a l  w e ig h t  c h a n g e ,  p e r c e n t  w e ig h t  change i n  t e n  days and  
t h e  s u r v i v a l  i n d e x  w ere  fo u n d  t o  c o r r e l a t e  v e ry  w e l l  (T a b le  4) 
and  w ere  t h e r e f o r e  c o n s i d e r e d  e q u a l l y  r e l i a b l e  p a r a m e te r s  o f  t h e  
e f f e c t  o f  an  e x p e r i m e n t a l  t r e a t m e n t  upon t h e  p l a n t s .
T a b le  4 : C o r r e l a t i o n  c o e f f i c i e n t s  b e tw een  i n i t i a l
w e ig h t  c h a n g e ,  r e l a t i v e  w e ig h t  change  i n  
t e n  d a y s ,  and s u r v i v a l  i n d e x  i n  f i f t y  sam ples  
o f  Fucus s p i r a l i s  d r i e d  f o r  42 h o u r s  a t  
2 5 . 6  -  2 7 . 1  C, 49 t o  54% r e l a t i v e  h u m id i ty .
The o b s e rv e d  c o r r e l a t i o n s  w ere  a l l  s i g n i f i c a n t  
a t  t h e  0.1% l e v e l .
P a r a m e te r s C o r r e l a t i o n  c o e f f i c i e n t
s u r v i v a l  i n d e x  and  i n i t i a l  w e ig h t  change
s u r v i v a l  i n d e x  and  r e l a t i v e  w e ig h t  
change i n  t e n  days
i n i t i a l  w e ig h t  change  and  r e l a t i v e  
w e ig h t  change i n  t e n  days
0 . 806 
0 .9 4 8
0 .9 1 5
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3. FACTORS CONTROLLING UPPER LIMITS
3 .1  S u r v i v a l  o f  Fucus s p i r a l i s  and  F. s e r r a t u s  t r a n s p l a n t e d  t o  l e v e l s
above t h e i r  u p p e r  l i m i t s
The r o l e  o f  p h y s i c a l  e n v i r o n m e n ta l  f a c t o r s  i n  d e te r m in in g  t h e  u p p e r  
l i m i t s  o f  Fucus s p i r a l i s  and  F\ s e r r a t u s  was i n i t i a l l y  i n v e s t i g a t e d  by  
t r a n s p l a n t i n g  t h e s e  s p e c i e s  t o  l e v e l s  above t h e i r  u p p e r  l i m i t s  on a  
m o d e r a te ly  s t e e p ,  s o u t h w e s t - f a c i n g  ro c k  s lo p e  a t  P o r t  Loy. Sam ples o f  
Fucus s p i r a l i s  w ere  t r a n s f e r r e d  i n t o  t h e  P e l v e t i a  zone a t  a b o u t  3 .0 0  m 
above c h a r t  da tum , and t h e  c o n t r o l  p l a n t s  w ere  p l a c e d  i n  t h e  FL s p i r a l i s  
zone a t  a b o u t  2 .7 5  m. Sam ples o f  FT s e r r a t u s  w ere  t r a n s p l a n t e d  t o  t h e  
F . s p i r a l i s  z o n e ,  and  t h e  c o n t r o l  sam ples  t o  a b o u t  MTL, w hich  i s  a b o u t  
0 . 3  m be low  t h e  u p p e r  l i m i t  o f  F , s e r r a t u s  a t  P o r t  Loy. A l l  sam p les  
w ere  t r a n s f e r r e d  on 1 5 -1 7  F e b r u a r y  19 7 4 ,  and  t h e i r  s u r v i v a l  and g row th  
w ere  o b s e rv e d  a t  r o u g h ly  m o n th ly  i n t e r v a l s  u n t i l  1 A ugust  1974 .
Fucus s p i r a l i s  was o b t a i n e d  b o t h  as i n d i v i d u a l  p l a n t s  on r o c k  
c h ip s  and  as g ro u p s  on s m a l l  s t o n e s .  However, no F. s e r r a t u s  a t t a c h e d  
t o  s m a l l  s t o n e s  c o u ld  be  o b t a i n e d ,  and  t h i s  s p e c i e s  was t r a n s f e r r e d  o n ly  
on r o c k  c h ip s .  T h e r e f o r e  t h e  f o l l o w i n g  s u p p le m e n ta ry  o b s e r v a t i o n  was 
u n d e r t a k e n .  Two b o u l d e r s ,  each  b e a r i n g  ab o u t  f i f t y  F. s e r r a t u s  p l a n t s ,  
w ere  fou n d  n e a r  t h e  m id sh o re  t r a n s p l a n t  s i t e  and one b o u l d e r  was c a r r i e d  
t o  a  s t a b l e  p o s i t i o n  j u s t  above t h e  F ^  s p i r a l i s  zone t r a n s p l a n t  s i t e .
The s u r v i v a l  and  c o n d i t i o n  o f  t h e  F ^  s e r r a t u s  on t h e  two b o u l d e r s  was 
t h e n  com pared o v e r  a  p e r i o d  o f  s e v e r a l  m onths .
Some o f  t h e  e a r l y  m easu rem en ts  o f  t h e  t r a n s p l a n t s  w ere  t a k e n  d u r in g  
d ry  w e a t h e r ,  and  p a r t i a l  d e s i c c a t i o n  c a u se d  t h e  p l a n t s  t o  s h r i v e l  s l i ^ t l y  
b e f o r e  t h e  m easu rem en ts  c o u ld  be  c o m p le te d .  From A p r i l  onw ard , t h e  
p l a n t s  w ere  m easu red  i n  w et w e a th e r  t o  a v o id  t h i s  s o u r c e  o f  e r r o r .
The s p i r a l i s  on s m a l l  s t o n e s , and  t h e  s e r r a t u s  c o n t r o l  p l a n t s  w ere  
f u l l y  w e t when t h e i r  i n i t i a l  l e n g t h s  w ere  t a k e n  i n  F e b r u a r y ,  so  t h a t  
a c c u r a t e  grow th  r a t e s  c o u ld  b e  c a l c u l a t e d  f o r  t h e s e .  U n f o r t u n a t e l y ,  t h e  
F. s e r r a t u s  t r a n s f e r r e d  u p s h o re  w ere  somewhat s h r i v e l l e d  when t h e i r  i n i t i a l  
l e n g t h  was m e a s u re d ,  and  o n ly  an a p p ro x im a te  g row th  r a t e  c o u ld  b e  o b t a i n e d .
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Both Fucus s p i r a l i s  and  s e r r a t u s  grew p o o r l y , and  e v e n t u a l l y  
d i e d  when t r a n s f e r r e d  t o  l e v e l s  above t h e i r  u p p e r  l i m i t s  (T a b le  5 ) .
The p l a n t s  d e v e lo p e d  a  r e d d i s h .c o lo u r  c h a r a c t e r i s t i c  o f  dead  o r  damaged 
f u c o i d  t i s s u e  b e f o r e  b e i n g  w ashed  away a l t o g e t h e r .  By c o n t r a s t , t h e  
c o n t r o l  p l a n t s  r e m a in e d  h e a l t h y  and  grew r a p i d l y .
No c o m p e t in g  a lg a e  grew w i th  t h e  t r a n s p l a n t s  d u r in g  t h e  e x p e r i m e n t . 
and t h e r e  was no e v id e n c e  o f  g r a z i n g  on any o f  t h e  s a m p le s ,  w i t h  t h e  
p o s s i b l e  e x c e p t io n  o f  t h e  F. s e r r a t u s  c o n t r o l  p l a n t s .  T h e r e f o r e  i t  
was c o n c lu d e d  t h a t  t h e  p l a n t s  t r a n s f e r r e d  above t h e i r  u p p e r  l i m i t s  d i e d  
b e c a u s e  o f  p h y s i c a l  c o n d i t i o n s  e x c e e d in g  t h e i r  l i m i t s  o f  t o l e r a n c e .
3 .2  C r i t i c a l  p h y s i c a l  f a c t o r s :  f i e l d  o b s e r v a t i o n s
The c o n t r o l  o f  u p p e r  l i m i t s  by  p h y s i c a l  f a c t o r s  was r e a d i l y  
o b s e rv e d  i n  n a t u r a l  p o p u l a t i o n s  o f  P e l v e t i a , Fucus s p i r a l i s  and 
A sco p h y l lu m . I n  May 1 9 7 4 ,  t h e  u ppe rm ost  p l a n t s  o f  P e l v e t i a  and  F. 
s p i r a l i s  d e v e lo p e d  t h e  r e d d i s h ,  " b u rn e d "  c o lo u r  o f  d y in g  f u c o i d  t i s s u e  
( P l a t e  5 ) and  As c o p h y llu m  a t t a c h e d  n e a r  t o  i t s  b o u n d a ry  w i t h  t h e  F. 
s p i r a l i s  zone s u s t a i n e d  s i m i l a r  damage t o  a  few b r a n c h e s .  A p p a r e n t ly  
t h e s e  p l a n t s  h a d  b e e n  g row ing  a t  t h e  t o p  o f  t h e i r  n o rm a l  d i s t r i b u t i o n a l  
r a n g e s ,  when some p h y s i c a l  s t r e s s  s u d d e n ly  e x c ee d e d  t h e i r  l i m i t s  o f  
t o l e r a n c e .  The u p p e r  l i m i t  o f  P e l v e t i a  r em a in e d  s t a b l e  t h e r e a f t e r ,  
and  o n ly  a  few " b u rn e d "  p l a n t s  o f  t h i s  s p e c i e s  w ere  o b s e r v e d  d u r in g  t h e  
r e m a in in g  two y e a r s  o f  t h e  p r e s e n t  s tu d y .  By c o n t r a s t ,  t h e  u p p e r  
l i m i t  o f  Fj_ s p i r a l i s  f l u c t u a t e d  i n  a  s e a s o n a l  p a t t e r n .  D u r in g  t h e  
h o t  d ry  summer o f  19 7 5 ,  t h e  t o p  o f  t h e  F. s p i r a l i s  zone was so s e v e r e l y  
t r u n c a t e d  t h a t  a  d i s t i n c t  gap was fo rm ed  b e lo w  t h e  P e l v e t i a  zone ( P l a t e  6 ) 
D u r in g  t h e  f o l l o w i n g  w i n t e r ,  F ^  s p i r a l i s  g a rm l in g s  n o t  o n ly  r e c o l o n i z e d  
t h i s  gap b u t  a l s o  a p p e a r e d  t h r o u ^ o u t  t h e  lo w e r  h a l f  o f  t h e  P e l v e t i a  
zone . W ith in  t h e  l a t t e r  z o n e ,  o f  F. s p i r a l i s  s e t t l e d ,  grew
r a p i d l y  i n t o  m a c ro s c o p ic  p l a n t s ,  became " b u r n e d " ,  and  u l t i m a t e l y  
d i s a p p e a r e d  i n  an a n n u a l  c y c l e  ( P l a t e  7 ) .  A p p a r e n t l y ,  d e s i c c a t i o n ,  
h e a t i n g  o r  i n t e n s e  i n s o l a t i o n  a s s o c i a t e d  w i t h  s p r i n g  and  summer w e a th e r  
p l a y s  a  c r i t i c a l  r o l e  i n  d e te r m i n in g  u p p e r  l i m i t s  o f  f u c o i d s .
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AP l a t e  7 : S e a s o n a l  o c c u r r e n c e  o f  s p i r a l i s  i n  a  25 x 25 cm q u a d ra t
l o c a t e d  a t  a b o u t  3 .0 0  m above c h a r t  datum.
A. May 1 7 th  1974. The t u r f  o f  young F. s p i r a l i s  has  b een  
" b u rn e d "  and  c o n t r a s t  s h a r p l y  i n  c o lo u r  w i th  t h e  h e a l t h y  
P e l v e t i a  g e r m l in g s .
B. December 1 0 t h ,  1974 . A new p o p u l a t i o n  o f  _F. s p i r a l i s  has  
become e s t a b l i s h e d  i n  t h e  lo w e r  p a r t  o f  t h e  q u a d r a t .
C. June  2 3 rd  1975. The _F. s p i r a l i s  a g a in  shows s ig n s  o f  
damage.
D. J u l y  29t h  1 9 7 5 . Most o f  t h e  F. s p i r a l i s  has  d i s a p p e a r e d  
from  t h e  q u a d r a t .
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I n  o r d e r  t o  v e r i f y  o r  r e f u t e  t h i s  h y p o t h e s i s ,  t h e  f l u c t u a t i o n s  
i n  t h e  u p p e r  l i m i t  o f  s p i r a l i s  b e tw e e n  December 1975 and  S ep tem ber  
1976  w ere  m o n i to re d  by  c a r e f u l  m o n th ly  o b s e r v a t i o n s  on s e v e r a l  s o u th -  
w e s t - f a c i n g  r o c k  s l o p s  a t  P o r t  Loy. The changes  n o t e d  d u r in g  t h i s  
p e r i o d ,  and  e a r l i e r  o b s e r v a t i o n s  a t  t h e  same s h o r e  w ere  t h e n  r e l a t e d  
t o  t e m p e r a t u r e s ,  w e a th e r  c o n d i t i o n s  and maximum d a i l y  t i d e  l e v e l s  
( F ig u r e s  5“ 9 ) .  S e v e r a l  s a l i e n t  p o i n t s  emerge from  t h e s e  d a t a ;
(1 ) I n  a l l  t h r e e  y e a r s ,  d r a m a t i c  t r u n c a t i o n  o f  t h e  t o p  o f  t h e  F. 
s p i r a l i s  zone was f i r s t  o b s e rv e d  two t o  f o u r  weeks a f t e r  t h e  
f i r s t  e x te n d e d  p e r i o d  o f  c l e a r  d ry  w e a th e r  i n  s p r i n g  ( F ig u r e s  
5 , 7 , 9 ) .  These  e a r l y  d ry  s p e l l s  w ere  n o t  e s p e c i a l l y  h o t ,  b u t  
e a ch  i n c l u d e d  a  p e r i o d  o f  s m a l l  n e a p  t i d e s  w hich  l e f t  t h e  u p p e r  
p a r t  o f  t h e  s p i r a l i s  zone e x p o sed  c o n t i n u o u s l y  f o r  s e v e r a l  
d a y s .  S in c e  t h e  w e a th e r  was ca lm  m ost o f  t h e  t im e  d u r in g  t h e s e  
d ry  s p e l l s ,  wave s p l a s h  was m in im is e d ,  and  t i d e  gauge r e c o r d s  
p r o b a b ly  r e f l e c t  t h e  a c t u a l  d u r a t i o n  o f  t i d a l  e x p o s u re .  T h e re ­
f o r e ,  p r o lo n g e d  d e s i c c a t i o n  a p p e a r s  t o  be  t h e  p r im a ry  c r i t i c a l  
f a c t o r .
( 2 ) I n t e n s e  i n s o l a t i o n  a c c e l e r a t e s  t i s s u e  d e h y d r a t io n  by  h e a t i n g  t h e  
p l a n t  t o  a  t e m p e r a t u r e  above t h a t  o f  t h e  a tm o sp h e re  ( L e v i t t  1 9 7 2 ) ,  
and t h e  a b u n d a n t  s u n s h in e  d u r in g  t h e  s p r i n g  d ry  s p e l l s  may h a v e  
i n c r e a s e d  t h e  s t r e s s  i n  t h i s  way.
( 3 ) D u r in g  t h e  c o o l  summer o f  1 9 7 4 ,  F. s p i r a l i s  was e l i m i n a t e d  o n ly  
f rom  t h e  P e l v e t i a  z o n e ,  and  re m a in e d  h e a l t h y  b e lo w  i t s  ' u s u a l '  
u p p e r  l i m i t  o f  2 . 9 0  m. However, d u r in g  t h e  u n u s u a l l y  h o t  summers 
o f  1975  and  1 9 7 6 , c o n s i d e r a b l e  damage o c c u r r e d  be low  t h i s  l e v e l ,  
and  was o b s e rv e d  t h r o u g h o u t  t h e  summer. T h e r e f o r e ,  h ig h  
t e m p e r a t u r e  a p p e a r s  t o  b e  an  i m p o r ta n t  a g g r a v a t i n g  f a c t o r ,  p o s s i b l y  
b e c a u s e  i t  a c c e l e r a t e s  t h e  r a t e  o f  d e h y d r a t io n .
(4 )  In  summer 1 9 7 5 ,  l y  s p i r a l i s  r e m a in e d  s e v e r e l y  damaged and  was 
u l t i m a t e l y  l o s t  above t h e  2 .7 5  m l e v e l  on s o u t h w e s t - f a c i n g  s l o p e s ,  
w h i l e  d u r in g  m ost o f  summer 1 9 7 6 , i t  made a s lo w ,  s t e a d y  r e c o v e r y  
from  t h e  i n i t i a l  damage o b s e r v e d  i n  May. Hot days and  s m a l l  t i d e s  
o c c u r r e d  w i th  s i m i l a r  f r e q u e n c y  d u r in g  t h e  two summers, b u t  t h e y
F i g u r e s  5 - 9 . O b se rv ed  changes  i n  t h e  u p p e r  l i m i t  o f  Fucus s p i r a l i s  on 
s e v e r a l  s o u t h w e s t - f a c i n g  r o c k  s l i p e s  a t  P o r t  Loy, r e l a t e d  t o  w e a th e r  
c o n d i t i o n s  and t i d a l  h e i g h t s  a s  r e c o r d e d  a t  t h e  M i l l p o r t  M arine  B i o l o g i c a l  
S t a t i o n ,  I s l e  o f  Cumbrae.
D a i ly  maximum and  minimum t e m p e r a t u r e s  a r e  i n d i c a t e d ,  e x c e p t  f o r  t h e  
e a r l y  p a r t s  o f  summer 1975  and  1 9 7 6 , f o r  w h ich  o n ly  maximum t e m p e r a t u r e s  
a r e  g iv e n .  An a r b i t r a r y  " c r i t i c a l "  l e v e l  o f  20°C s e r v e s  a s  t h e  
h o r i z o n t a l  a x i s  i n  t h e  summer g r a p h s , w h i l e  0°C i s  t h e  a x i s  f o r  w i n t e r  
g r a p h s .
The amount o f  s u n s h in e  on e a c h  day i s  c l a s s i f i e d  i n t o  t h r e e  c a t e g o r i e s  
b a s e d  on q u a l i t a t i v e  d e s c r i p t i o n s  g iv e n  i n  t h e  w e a th e r  r e c o r d s :
ZZ m a in ly  su n n y ,  o r  sunny  a f t e r  m o rn ing  m i s t  
S .  p a r t l y  c lo u d y  
■  m a in ly  d u l l
R a i n f a l l  i s  g iv e n  i n  m i l l i m e t r e s  f o r  e a ch  day .
The maximum h e i g h t  t o  w h ich  t h e  f l o o d  t i d e  r o s e  each  day i s  g iv e n  
i n  m e t r e s  above c h a r t  datum . H o r i z o n t a l  l i n e s  a r e  drawn a t  two " c r i t i c a l "  
l e v e l s :  t h e  u s u a l  u p p e r  l i m i t s  o f  F . s p i r a l i s  (2 .90m ) and  P e l v e t i a  (3 .2 5 m ) .
Days on w hich  p r o lo n g e d  t i d a l  e x p o s u re  o f  t h e  u p p e r  s h o r e  c o i n c i d e d  
w i t h  t e m p e r a t u r e  e x tre m e s  a r e  i n d i c a t e d  as  f o l l o w s  :
-X- _ " c r i t i c a l  day" (m ax .tem p. 5 2 0 .0 ^ 0 ,  m a x . t i d a l  h e i g h t  < 2 .9 0  m ) .
* = " s e m i - c r i t i c a l  day" (max. tem p . 5 20.0*^C, 2 .9 0  m l e v e l  c o v e re d  
o n ly  by  n i g h t t i m e  t i d e )
+ -  " f r o s t  day" (min. tem p. ^ 0 . 0 °C , and  u p p e r  s h o r e  n o t  subm erged  
d u r in g  t h e  predaw n h o u r s  when t h e  d a i l y  minimum t e m p e r a t u r e  
n o rm a l ly  o c c u r s ) .
Changes i n  Z. s p i r a l i s ,  a r e  r e p r e s e n t e d  a s  f o l l o w s  : Downward a rrow
r e p r e s e n t s  v i s i b l e  damage down t o i t h e  t i d a l  l e v e l  i n d i c a t e d  b y  t h e  a r ro w h e a d .  
Double a rro w  s h a f t  i n d i c a t e s  t h a t  m ost o f  t h e  F. s p i r a l i s  h a d  d i s a p p e a r e d .  
An a s t e r i s k  n e a r  a  downward a r ro w  i n d i c a t e s  t h a t  damaged f u c o i d  m a t e r i a l  
was c o l l e c t e d  from  j u s t  b e lo w  2 . 9 0  m, exam ined  c a r e f u l l y ,  and  fo u n d  t o  
c o n t a i n  s m a l l  l i v e  p l a n t s  c a p a b le '  o f  g ro w th .  Upward a rro w  b e lo w  t h e  
2 . 9 0  m l i n e  s i g n i f i e s  p a r t i a l  ( s i n g l e  s h a f t )  o r  c o m p le te  (d o u b le  s h a f t )  
r e c o v e r y  from  e a r l i e r  damage. Upward a r ro w  above t h e  2 .9 0  m l e v e l  shows 
t h e  i n v a s i o n  o f  t h e  P e l v e t i a  zone by  F. s p i r a l i s  g e r m l in g s .  The maximum 
l e n g t h s  o f  t h e s e  g e r m l in g s  a t  2 . 9 5  and  3 . 0 0  m on two s h o r t  t r a n s e c t s  a t  
P o r t  Loy a r e  a l s o  g iv e n  i n  m i l l i m e t r e s .
CHANGES 3 .1 0  
OBSERVED IN 
FUCUS SPIRALIS 2 . 9 0
Pelvetia zone
F. spiralis zone
I
T
M A X IM U M  
TIDAL 
HEIGHT, m
RAINFALL,
mm
SUNSHINE
TEMPERATURE,
°C
20
15
10
3 . 3 0
Pelvetia zone
2 . 9 0
F. spiralis zone
2 . 5 0
4 0
20
max.
mm.
APRIL MAY JUNE
F ig u r e  5: S p r in g  197^* B r i e f  h o t  s p e l l  21-25  Ju n e  (maximum
t e m p e r a t u r e s  20 -  25 -1  C) o c c u r r e d  d u r in g  s p r i n g
t i d e s  ; t e m p e r a t u r e s  rem a in e d  be low  20 C f o r  t h e  
r e m a in d e r  o f  t h e  summer
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d i f f e r e d  i n  two p o s s i b l y  im p o r t a n t  a s p e c t s  (T a b le  6 ) .  F i r s t l y ,  
i n  1975  t h e r e  w ere  more " c r i t i c a l "  days on w hich  h ig h  t e m p e r a t u r e  
and s m a l l  t i d e s  c o i n c i d e d ,  and  t h e y  o c c u r r e d  e a r l i e r  i n  t h e  
summer ( F ig u r e  7 ) .  S e c o n d ly ,  t h e  h o t t e s t  days o f  1976 w ere  q u i t e  
d ry  w h i l e  t h o s e  o f  1975  w ere  more hum id , som etim es w i th  t h u n d e r ­
s to rm s  o r  d r i z z l e .  h ig h  h u m id i ty  and  sudden  show ers may have  
s i g n i f i c a n t l y  a g g r a v a t e d  t h e  s t r e s s  upon t h e  e jtposed  a l g a e .
( 5 ) The g r a d u a l  r e c o v e r y  o f  F. s p i r a l i s  i n  1976 c o n t i n u e d  t h r o u g h  
most o f  J u l y  d e s p i t e  a  p r o lo n g e d  h o t  s p e l l  n e a r  t h e  b e g in n i n g  o f  
t h a t  m onth , b u t  was s h a r p l y  r e v e r s e d  b y  a s e c o n d  h e a t  wave o f  
s i m i l a r  d u r a t i o n  an d  i n t e n s i t y  i n  l a t e  A ugust  ( F ig u r e  9)* D u r in g  
t h e  f i r s t ,  t h e  e n t i r e  F . s p i r a l i s  zone was subm erged  each  d a y ,
a t  l e a s t  by  t h e  n i g h t t i m e  h ig h  t i d e ,  w h i l e  f o u r  c o n s e c u t iv e  
" c r i t i c a l "  days o c c u r r e d  d u r in g  t h e  A ugust  h e a t  wave. T h is  
d e m o n s t r a te s  t h e  im p o r ta n c e  o f  d u r a t i o n  o f  c o n t in u o u s  t i d a l  
e x p o s u r e ,  and  c o n f i rm s  t h e  h y p o t h e s i s  t h a t  i t  i s  t h e  c o m b in a t io n  
o f  neap  t i d e s  and  s e v e r e l y  d e s i c c a t i n g  w e a th e r  c o n d i t i o n s  w hich  
a r e  most dam aging . I n  t h i s  c o n t e x t ,  t h e  s l i ^ t  r e v e r s a l  
o b s e rv e d  on 6 A ugust  may a l s o  be  r e l a t e d  t o  neap  t i d e s  o c c u r r i n g  
d u r in g  d ry  th o u g h  c o o l e r  w e a th e r  (20 -26  J u l y ,  F ig u re  9 ) .
(6) Ê ie rm lin g s  o f  F. s p i r a l i s  became e s t a b l i s h e d  i n  t h e  P e l v e t i a  zone 
and grew s t e a d i l y  b o th  d u r in g  t h e  v e ry  wet w i n t e r  o f  191^-1975  
( F ig u r e  6 ) ,  and  t h e  d ry  w i n t e r  o f  1975-1976 ( F ig u r e  8 ) .  The 
d i f f e r e n c e  i n  h i g h e s t  t i d e  l e v e l  a t  w hich  F^ _ s p i r a l i s  was fo u n d  
i s  p r o b a b ly  an  a r t e f a c t ,  s i n c e  t i n y  ( je r m l in g s  w ere  d i s c o v e r e d
a t  3 . 1  t o  3 . 2  m as  a  r e s u l t  o f  a  c a r e f u l  s e a r c h  i n  1975-1976 
w hich  was n o t  c o n d u c te d  t h e  p r e v i o u s  w i n t e r .  C l e a r l y ,  n e i t h e r  
t h e  heavy  r a i n s  o f  t h e  f i r s t  w i n t e r  n o r  t h e  c o l d  s p e l l s  and  l i g h t  
f r o s t s  o f  t h e  s e c o n d  c a u s e d  much damage t o  t h e s e  p l a n t s .  W in te r  
p h y s i c a l  c o n d i t i o n s  do n o t  a p p e a r  t o  p l a y  a s i g n i f i c a n t  r o l e  i n  
d e te r m in in g  u p p e r  l i m i t s  o f  f u c o i d s  a t  I s l e  o f  Cumbrae.
( 7 ) T id e s  t e n d  t o  r i s e  v e ry  h ig h  i n  w i n t e r ,  p a r t i c u l a r l y  d u r in g  w e t 
s t o r r y  w e a th e r .  As a  r e s u l t ,  h eav y  r a i n  r a r e l y  c o in c i d e s  w i t h  a 
maximum t i d a l  h e i g h t  l e s s  t h a n  2 . 9 0 ,  and t h e  e n t i r e  P e l v e t i a  zone
39
T a b le  6 : C om parison  o f  t h e  f r e q u e n c y  o f  e x trem e
w e a th e r  c o n d i t i o n s , s m a l l  t i d e s  and  
c r i t i c a l  days i n  May th ro u g h  A ugus t  o f  
1975 and  1976.
Number o f  days w i th  
maximum t e m p e r a t u r e  
o f  20.0OC o r  more
Number o f  days w i th  
maximum t e m p e r a t u r e  
o f  25 .0 °C  o r  more
Number o f  days 
^ 25'O^C d u r in g  
w hich  r a i n  f e l l
Mean and  ra n g e  
o f  r e l a t i v e  
h u m id i ty  a t  
l4 0 0  h r s  on  day 
>; 25 .0 °C  *
1975
1976
28
32
60% (3 1 -9 ^ ^ )  
hVfo (22-51%)
Number o f  days w i th  
maximum t i d a l  h e i g h t  
l e s s  t h a n  2 .9 0  m
Number o f  " c r i t i c a l "  
days (maximum temp.
^ 2 0 .0  C j maximum
t i d a l  h e i g h t  < 2 .9 0  m)
Mean maximum t e m p e r a t u r e  
on " c r i t i c a l "  days_____
1975
1976 22
2 1 . 6 ' 
2 3 .o'
^ as  r e c o r d e d  b y  t h e  M e te o r o lo g i c a l  O f f i c e  a t  P r e s t w i c k  
A i r p o r t ,  A y r s h i r e ,  w h ic h  i s  l o c a t e d  on t h e  F i r t h  o f  
C lyde a b o u t  22 m i le s  s o u t h e a s t  o f  I s l e  o f  Cumbrae.
4o
i s  o f t e n  subm erged  a t  h i g h  t i d e  on wet days ( F ig u r e s  6 , 8 ) .  
F u r th e r m o r e , wave s p l a s h  d u r in g  w i n t e r  s to rm s  may e x te n d  t h e  
m ar in e  i n f l u e n c e  s t i l l  h i g h e r .  T h e r e f o r e ,  p r o lo n g e d  t i d a l  
e x p o s u re  o f  t h e  u p p e r  s h o re  r a r e l y  c o in c i d e s  w i t h  h eavy  r a i n ,  
and  p e r i o d i c  s u b m e rs io n  i n  s e a w a te r  p r o b a b ly  m i t i g a t e s  t h e  e f f e c t  
o f  f r e s h  w a t e r  f a l l i n g  as r a i n  on t h e  seaw eed .
(8 )  The s l i g h t  damage t o  F. s p i r a l i s  g row ing  i n  t h e  P e l v e t i a  zone 
t h a t  was o b s e r v e d  i n  A p r i l  1975 m ig h t  b e  r e l a t e d  e i t h e r  t o  t h e  
c l e a r  d ry  w e a th e r  and  f a i r l y  low  maximum t i d a l  h e i g h t s  i n  M arch, 
o r  t o  t h e  s e v e r e  f r o s t  on t h e  t w e n t y - s i x t h  o f  t h a t  m onth. The 
l a t t e r  i s  u n l i k e l y ,  s i n c e  f u c o i d s  c o l l e c t e d  from  t e m p e r a t e  c o a s t s  
d e m o n s t r a te  g r e a t  f r o s t  t o l e r a n c e  ( P a r k e r  I 96O, Feldman and 
L u to v a  1 9 6 3 , E d e l s t e i n  and  MeLachlan 1975)-
The n e x t  t a s k  o f  t h e  p r e s e n t  s tu d y  i s  t o  v e r i f y  t h e  h y p o t h e s i s  
t h a t  d e s i c c a t i o n  i s  t h e  p r im a ry  c r i t i c a l  f a c t o r  i n  f u c o i d  z o n a t i o n .
T h is  w ou ld  im p ly  e i t h e r  t h a t  t h e  u p s h o re  f u c o i d s  can  t o l e r a t e  a  g r e a t e r  
d e g re e  o f  d e s i c c a t i o n  t h a n  t h e  m id sh o re  s p e c i e s ,  o r  t h a t  t h e y  a c t u a l l y  
d ry  o u t  more s lo w ly  d u r in g  t i d a l  e x p o s u re .  The l a t t e r  p o s s i b i l i t y  h a s  
r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n ,  and  s e v e r a l  i n v e s t i g a t o r s  have  com pared  
r a t e s  o f  t i s s u e  d e s i c c a t i o n  i n  d i f f e r e n t  s p e c i e s .  R e s u l t s  have  b e e n  
i n c o n c l u s i v e  and c o n f l i c t i n g  (Z a n e v e ld  1 937 , K r i s t e n s e n  I 9 6 8 , S andgren  
1 9 7 3 , B ë r a r d - T h e r r i a u l t  and C a r d in a l  1 9 7 3 a ) , and  t h e  phenomenon o f  
d r o u g h t  a v o id a n c e  i n  f u c o i d s  was n o t  s a t i s f a c t o r i l y  e s t a b l i s h e d .  
T h e r e f o r e ,  e x p e r im e n ts  w ere  u n d e r t a k e n  t o  a s s e s s  and  compare m echanism s 
o f  d r o u ^ t  a v o id a n c e  i n  P e l v e t i a , Fucus s p i r a l i s  and  F. s e r r a t u s .
3 .3  A vo idance  o f  t i s s u e  d e s i c c a t i o n  by f u c o i d s
True d r o u g h t  a v o id a n c e  c o n s i s t s  o f  a  p l a n t ' s  a b i l i t y  t o  m a i n t a i n  
a s t e a d y  s t a t e  i n  w h ich  t h e  t i s s u e  w a t e r  p o t e n t i a l  i s  much h i g h e r  t h a n  
t h a t  o f  t h e  e n v i r o n m e n t , ( L e v i t t  1 9 7 2 ) .  However, on t h e  s h o re  w here 
r e s u b m e rs io n  o c c u rs  a t  more o r  l e s s  r e g u l a r  i n t e r v a l s ,  a  p l a n t  w hich  
s im p ly  r e t a r d s  i t s  r a t e  o f  t i s s u e  d r y in g  c o u ld  a v o id  r e a c h i n g  a i r -  
d r y n e s s  d u r in g  p e r i o d s  o f  t i d a l  e x p o s u r e . Such an a b i l i t y  m ig h t  a r i s e
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from  any o f  s e v e r a l  t h a l l u s  p r o p e r t i e s :
(1) I n t r i n s i c  b i o c h e m ic a l  p r o p e r t i e s  w hich  e n a b le  t h e  t i s s u e  t o  
d ry  o u t  more s lo w ly  o r  t o  s t o r e  l a r g e  q u a n t i t i e s  o f  w a t e r  i n  
a  " c o l l o i d a l "  form .
(2 ) A b a r r i e r  t o  w a t e r  l o s s  t h ro u g h  t h e  s u r f a c e ,  a n a lo g o u s  t o  a  
l e a f  c u t i c l e .
( 3 ) A lo w e r  r a t i o  o f  s u r f a c e  a r e a  t o  m ass ,  as  i s  o b s e r v e d  i n  t h e  
w a t e r - c o n s e r v i n g  c a c t i  and  d e s e r t  s u c c u l e n t s .
(4) A t h a l l u s  sh a p e  w h ich  c o n s e r v e s  w a t e r  by  c r e a t i n g  a  " s h e l l "  
o f  hum id a i r  a ro u n d  t h e  f r o n d s ,  and  t h e r e f o r e  a  l e s s  s t e e p  
g r a d i e n t  o f  w a t e r  v a p o u r  c o n c e n t r a t i o n .
( 5 ) A bushy o r  g r e g a r i o u s  h a b i t  o f  g row th  w hich  p r o t e c t s  much o f  
t h e  t h a l l u s  from  d i r e c t  e x p o s u re  t o  d r y in g  w in d s .
T h e o r e t i c a l l y ,  t h e  t o t a l  c a p a c i t y  o f  each  s p e c i e s  t o  p o s tp o n e  
t i s s u e  d e h y d r a t io n  d u r in g  low t i d e  w ou ld  be  a s s e s s e d  m ost s a t i s f a c t o r i l y  
by  a  d i r e c t  co m p a r iso n  o f  d e s i c c a t i o n  r a t e s  o f  i n d i v i d u a l  p l a n t s  w i t h i n  
n a t u r a l  s t a n d s .  However su c h  an a s s e s s m e n t  i s  f r a u g h t  w i t h  c o m p l i c a t i o n s .  
I n  a d d i t i o n  t o  f l u c t u a t i o n s  o f  a tm o s p h e r ic  c o n d i t i o n s ,  s u b t l e  d i f f e r e n c e s  
i n  s h e l t e r  by  t h e  s h o r e  to p o g ra p h y  o r  a d j a c e n t  p l a n t s  may s e r i o u s l y  a f f e c t  
t h e  r e s u l t s . A lso  t h e  p l a n t s  w ould  have  t o  b e  c a r e f u l l y  m atch ed  i n  te rm s  
o f  s u r f a c e  a r e a  and  b u s h i n e s s ,  w h ich  i s  n o t  p r a c t i c a b l e  i n  t h e  f i e l d .
F o r  t h i s  r e a s o n  a  d i r e c t  c o m p a r iso n  o f  d e s i c c a t i o n  r a t e s  i n  t h e  d i f f e r e n t  
s p e c i e s  was n o t  u n d e r t a k e n  i n  t h e  f i e l d ,  b u t  was p e r fo rm e d  i n  t h e  l a b o r a t o r y ,
3 . 3 .1  H ates  o f  w a te r  l o s s  by  i n d i v i d u a l  p l a n t s  u n d e r  l a b o r a t o r y  
d o n d i t i o n s .
The a b i l i t y  o f  P e l v e t i a . Fucus s p i r a l i s  and  F. s e r r a t u s  t o  p o s tp o n e  
t h e  o n s e t  o f  t i s s u e  d e h y d r a t io n  was i n i t i a l l y  a s s e s s e d  by  m e a s u r in g  
d e s i c c a t i o n  r a t e s  i n  i n d i v i d u a l  young p l a n t s  u s in g  t h e  p r o c e d u r e s  o u t l i n e d  
i n  s e c t i o n  2 . 5 . 1 .
I n  a  p r e l i m i n a r y  d e t e r m i n a t i o n ,  t h e  c o u r s e  o f  w a t e r  l o s s  o v e r  a  t e n  
h o u r  p e r i o d  was r e c o r d e d  i n  t h i r t y  c o m p le te  young p l a n t s  e a ch  o f  P e l v e t i a ,
F. s p i r a l i s  and  F. s e r r a t u s . The p r o c e d u r e  i n  t h i s  d e t e r m i n a t i o n  d i f f e r e d  
f rom  t h a t  d e s c r i b e d  i n  s e c t i o n  2 . 5 . 1 . 1  i n  t h a t  t h e  sam p les  w ere  l a i d  on
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p a p e r  t o w e ls  d u r in g  t h e  e x p e r i m e n t a l  d r y in g  r a t h e r  t h a n  b e i n g  s u s p e n d e d .  
A lso  a s l i g h t l y  l e s s  s e n s i t i v e  b a l a n c e  was u s e d  and  t h e  p l a n t s  w e w e i g h e d  
t o  t h e  n e a r e s t  m i l l i g r a m .  The sam p les  w ere  w e ig h e d  a t  t h e  end  o f  t h e  
f i r s t ,  s e c o n d ,  t h i r d ,  f o u r t h ,  s i x t h ,  e i g h t h  and  t e n t h  h o u r s  o f  d r y in g .  
D ry in g  was c a r r i e d  o u t  i n  t h e  l a b o r a t o r y  i n  w hich  t e m p e r a t u r e  and  
r e l a t i v e  h u m id i ty  f l u c t u a t e d  somewhat. However, s i n c e  t h e  sam p les  
w ere  d r i e d  o v e r  r o u g h ly  t h e  same p e r i o d  o f  t i m e ,  t h e y  u n d e rw en t  t h e  same 
v a r i a t i o n s  o f  a tm o s p h e r ic  c o n d i t i o n s ,  and a  d i r e c t  co m p a r iso n  i s  v a l i d .
U n e x p e c te d ly ,  t h e  Fucus s e r r a t u s  sam ples  d r i e d  c o n s i d e r a b l y  more 
s lo w ly  t h a n  t h o s e  o f  P e l v e t i a  and  F. s p i r a l i s  ( F ig u r e  l O ) .  The 
r e m a in in g  w a t e r  c o n te n t  i n  t h e  F .  s e r r a t u s  sam p les  s i g n i f i c a n t l y  
e x c e e d e d  t h a t  i n  t h e  o t h e r  two s p e c i e s ,  from  t h e  f i r s t  h o u r  ( t ^ ^  > 7 , 
p << O.OOl) t h r o u g h  t h e  e i g h t h  h o u r  ( t ^ ^  = 2 . 7 6 , p < O . O l ) .  The o n ly  
s i g n i f i c a n t  d i f f e r e n c e  b e tw e e n  P e l v e t i a  and F. s p i r a l i s  o c c u r r e d  i n  t h e  
t e n t h  h o u r  ( t ^ ^  = 2 . 1 3 , p  < 0 . 0 5 ) and  p r o b a b ly  r e f l e c t s  a  s l i g h t  
d i f f e r e n c e  i n  t h e  c o l l o i d a l  w a t e r  c o n t e n t .  The f i g u r e  a l s o  shows th e  
r o u g h ly  l o g - l i n e a r  p a t t e r n  o f  t i s s u e  d e h y d r a t io n  i n  a l l - t h r e e  s p e c i e s .
The Fucus s e r r a t u s  p l a n t s  u s e d  i n  t h i s  e x p e r im e n t  w ere  much l a r g e r  
( 268-2691  mg, mean 1079 mg) t h a n  t h e  P e l v e t i a  p l a n t s  (37“ 393 mg, mean 
157 mg) and  t h e  F. s p i r a l i s  p l a n t s  (35“ 454 mg, mean 157 mg) ,  and  t h i s  
h a s  a p p a r e n t l y  i n f l u e n c e d  t h e  r e s u l t s .  When r e l a t i v e  t i s s u e  d e h y d r a t io n  
r a t e  ( r )  o v e r  t h e  f i r s t  two h o u r s  i s  p l o t t e d  a g a i n s t  p l a n t  w et w e i g h t ,  
a  c l e a r  i n v e r s e  r e l a t i o n s h i p  b e tw e e n  r  and  w e ig h t  em erges f o r  a l l  
s p e c i e s  ( F ig u r e  1 1 ) .  The s lo w e r  mean d r y in g  r a t e  o f  t h e  F, s e r r a t u s  
sam p les  a s  com pared  t o  t h e  o t h e r  s p e c i e s  t h u s  a p p e a r s  t o  b e  r e l a t e d  t o  
t h e i r  l a r g e r  m ass.
The im p o r ta n c e  o f  t h e  s a m p le ’ s s i z e  i n  d e t e r m i n in g  i t s  r e l a t i v e  
d e h y d r a t io n  r a t e  was d e m o n s t r a t e d  i n  a  t r i a l  u s i n g  l a r g e  and  s m a l l  
segm en ts  o f  Fucus s e r r a t u s  b l a d e .  Nine segm en ts  20 t o  30 mm i n
l e n g t h  w ere  t a k e n  from  a d u l t  p l a n t s  and each  was d i v i d e d  i n t o  a  l a r g e  
(1 6-25  mm) and a  s m a l l  ( 5- IO  mm) p i e c e .  The s m a l l  p i e c e  was t a k e n  from  
t h e  p r o x im a l  end  o f  f i v e  o f  t h e  s a m p le s ,  and  from  t h e  d i s t a l  end  o f  t h e  
o t h e r  f o u r ,  i n  o r d e r  t o  a v o id  a sam ple  b i a s  r e s u l t i n g  f rom  c h e m ic a l  
and  s t r u c t u r a l  d i f f e r e n c e s  i n  t h e  t i s s u e  r e l a t e d  t o  d i s t a n c e  from  t h e  apex .
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R e l a t i v e  t i s s a e  d e h y d r a t io n  r a t e  ( r )  was t h e n  d e te r m in e d  o v e r  t h e  f i r s t  
h o u r  o f  d r y in g  a t  I 8 . 8  -  76- 78% r e l a t i v e  h n m i d i t y , v a p o u r
p r e s s u r e  d e f i c i t  o f  U .8 - 5 .3  m i l l i b a r s ,  w a t e r  p o t e n t i a l  -3SU t o  -  367 
b a r s .  The l a r g e  p i e c e s  d r i e d  more s lo w ly  ( r  = 0 .5 7 1  ± O.O6 9 ) t h a n  t h e  
s m a l l  p i e c e s  ( r  = O.876  ± O . I I 5 ) and  t h e  d i f f e r e n c e  was s i g n i f i c a n t  a t  
t h e  0.1% l e v e l .  T h e r e f o r e  f u r t h e r  co m p ar iso n s  o f  d e s i c c a t i o n  r a t e s  
o f  t h e  d i f f e r e n t  s p e c i e s  w ere  drawn o n ly  b e tw een  p l a n t s  o f  ro u g h ly  
s i m i l a r  s i z e .
The c o u r s e  o f  d e s i c c a t i o n  was compared i n  a  few s e t s  o f  p l a n t s ,  
each  s e t  c o n s i s t i n g  o f  one P e l v e t i a , one F. s p i r a l i s  and  one F. s e r r a t u s , 
a l l  s i m i l a r  i n  w e i g h t .  These  d e t e r m i n a t i o n s  were c a r r i e d  o u t  i n  an 
a tm o sp h e re  w i th  a  w a t e r  p o t e n t i a l  o f  a b o u t  -395  b a r s  u s i n g  t h e  S t a n to n  
b a l a n c e s  as  d e s c r i b e d  i n  s e c t i o n  2 . 5 . 1 . 1 .  The t h r e e  p l a n t s  o f  each  
s e t  w ere  ru n  s i m u l t a n e o u s l y ,  and  w ere  w e ighed  a t  i n t e r v a l s  o v e r  a  f o u r  
h o u r  d r y in g  p e r i o d .  F i n a l l y ,  t h e y  w ere  e q u i l i b r a t e d  o v e r n i g h t  i n  t h e  
b a l a n c e s  (2 3 .5 ° C ,  r e l a t i v e  h u m id i ty  75%, w a t e r  p o t e n t i a l  -395  b a r s ) ,  and 
t h e i r  a i r - d r y  w e ig h t  was t a k e n .
The w a t e r  c o n t e n t  a t  each  t im e  t  was c a l c u l a t e d  as p e r c e n t  o f  v o l a t i l e  
w a t e r  r e m a in in g
-  (w t .  a t  t im e  t )  -  ( a i r - d r y  w t . )  ^
(w et w t . )  -  ( a i r - d r y  w t . )  ^  ®
w here  " v o l a t i l e  w a t e r "  r e f e r s  t o  a l l  t h e  w a t e r  w hich  i s  l o s t  t o  an
a tm o sp h e re  o f  -3 9 5  b a r s  w a t e r  p o t e n t i a l .  T h is  p e r c e n ta g e  was u s e d
r a t h e r  t h a n  t o t a l  w a t e r  c o n te n t  b e c a u s e  i t  i s  n o t  a f f e c t e d  by  t h e
p o s s i b l y  d i f f e r e n t  c o l l o i d a l  w a t e r  c o n te n t s  o f  t h e  d i f f e r e n t  s p e c i e s .
A i r  d ry n e s s  c o r r e s p o n d s  t o  0% v o l a t i l e  w a te r  c o n t e n t  r e g a r d l e s s  o f
s p e c i e s ,  w h i l e  i t  may c o r r e s p o n d  t o  d i f f e r e n t  p e r c e n ta g e s  o f  t o t a l  w a t e r
c o n t e n t .  T h e r e f o r e  t h e  u se  o f  v o l a t i l e  w a t e r  as  t h e  b a s i s  f o r  t h e
p e r c e n ta g e s  f a c i l i t a t e s  a  d i r e c t  c o m p a r iso n  o f  t h e  c o u rs e  o f  d e s i c c a t i o n
o f  t h e  d i f f e r e n t  s p e c i e s .
Samples o f  P e l v e t i a  l o s t  t h e i r  v o l a t i l e  w a t e r  a  l i t t l e  more q u i c k l y  
t h a n  d i d  Fucus s p i r a l i s  and  F^ . s e r r a t u s  sam p les  o f  s i m i l a r  s i z e .
F i g u r e  12 shows t h e  c o u rs e  o f  d e s i c c a t i o n  o v e r  f o u r  h o u r s  o f  two s e t s  
o f  s a m p le s .  A l th o u g h  t h e  F. s p i r a l i s  i n  t h e  s e c o n d  s e t  i s  a c t u a l l y  
s m a l l e r  t h a n  t h e  P e l v e t i a , i t  d r i e d  a  l i t t l e  more s lo w ly  t h a n  t h e  
P e l v e t i a .
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F i g u r e  12 . C ou rse  o f  d e s i c c a t i o n  i n  p l a n t s  o f  P e l v e t i a  ( o ) ,  F. s n i r a l i s  (*^) 
and  F. s e r r a t u s  (o )  a t  2 2 , 7  "  25«9°C,  r e l a t i v e  h u m id i ty .
Each l i n e  r e p r e s e n t s  a  s i n g l e  p l a n t .
I n i t i a l  w e ig h t s  o f  p l a n t s :  A P e l v e t i a  2^42.5 mg, F. s p i r a l i s 2 9 6 .5 î4’^ j
F . s e r r a t u s  25 1 .0  mg.
B P e l v e t i a  l6 o .5 m g ,  F. s p i r a l i s  lOS.Omg 
F. s e r r a t u s 1 6 3 .0  mg.
i+il
F i n a l l y  d e s i c c a t i o n  r a t e s  d u r in g  t h e  f i r s t  h o u r  w ere  com pared i n  
e i g h t  s e t s  o f  c o m p le te  young p l a n t s ,  each  s e t  c o n s i s t i n g  o f  one P e l v e t i a , 
one F. s p i r a l i s  and  one s e r r a t u s . The t h r e e  p l a n t s  o f  e a ch  s e t  
were s e l e c t e d  so  t h a t  t h e i r  w e ig h t s  m atched  t o  w i t h i n  ± 10%. P e l v e t i a  
p l a n t s  whose b r a n c h e s  d i d  n o t  o v e r l a p  w ere  s e l e c t e d  i n  o r d e r  t o  a v o id  
t h e  c o m p l i c a t io n  o f  m u tu a l  p r o t e c t i o n  o f  t h e  axes  from  t h e  d r y in g  
a tm o s p h e r e .
B e fo re  t h e  e x p e r i m e n t a l  d r y i n g ,  t h e  s u r f a c e  a r e a  o f  each  sam ple  
was m ea su red .  D e s i c c a t i o n  r a t e s  w ere  t h e n  m ea su red  i n  t h e  S t a n to n  
b a l a n c e s  u n d e r  t h e  same c o n d i t i o n s  as i n  t h e  p r e v i o u s  e x p e r im e n t .  S ix  
b a l a n c e s  w ere  u s e d ,  so  t h a t  f o u r  s e p a r a t e  one h o u r  ru n s  o f  two s e t s  
each  w ere  c a r r i e d  o u t .  One P e l v e t i a  and one F. s e r r a t u s  from  t h e  
f i r s t  r u n  w ere  resoaked  and  r e - r u n  a f t e r  t h e  l a s t  two s e t s  t o  o b s e rv e  
t h e  e f f e c t s  upon d e s i c c a t i o n  r a t e  o f  a  s l i g h t ,  g r a d u a l  r i s e  i n  t e m p e r a t u r e  
w h ich  o c c u r r e d  d u r in g  t h e  c o u r s e  o f  t h e  e x p e r im e n t .
R e l a t i v e  t i s s u e  d e h y d r a t io n  r a t e  ( r ) ,  and  w a t e r  e v a p o r a t i o n  f l u x
(d ) w ere  c a l c u l a t e d  f o r  e ach  sam ple  f o r  t h e  f i r s t  and s e c o n d  h a l f  
h o u r s .  r  was c a l c u l a t e d  on t h e  b a s i s  o f  v o l a t i l e  w a t e r  i n  o r d e r  t o  
e l i m i n a t e  t h e  e f f e c t  o f  d i f f e r e n t  c o l l o i d a l  w a t e r  c o n t e n t s  i n  t h e  d i f f e r e n t  
s p e c i e s .  The s u r f a c e  t o  wet w e ig h t  r a t i o  was a l s o  c a l c u l a t e d  f o r  e a ch  
sam p le .
Room t e m p e r a t u r e  i n c r e a s e d  from  22.8^C t o  2k.3^C  d u r in g  t h e  c o u r s e  
o f  t h e  e x p e r im e n t ,  c a u s i n g  t h e  v a p o u r  p r e s s u r e  d e f i c i t  a t  T5% h u m id i ty  t o  
i n c r e a s e  from  6 .8 5  t o  T-5 m i l l i b a r s ,  a b o u t  a  9*5% i n c r e a s e .  The 
P e l v e t i a  and  F. s e r r a t u s  p l a n t s  r e - r u n  a t  t h e  end  showed r e l a t i v e  r a t e s  
o f  t i s s u e  d e h y d r a t io n  9 and  10.5% h i g h e r  t h a n  i n  t h e  f i r s t  r u n .
D e s i c c a t i o n  r a t e  was t h e r e f o r e  assum ed  t o  i n c r e a s e  l i n e a r l y  w i t h  v a p o u r  
p r e s s u r e  d e f i c i t  o v e r  t h i s  s m a l l  r a n g e ,  and b o t h  r  and D w ere  
c a l c u l a t e d  f o r  a  v a p o u r  p r e s s u r e  d e f i c i t  o f  6 .8 5  m i l l i b a r s  as f o l l o w s :
__________ 6. 85 mb__________________r a t e  a t  6 .8 5  mb = ( r a t e  o b s e rv e d ) v a p o u r  p r e s s u r e  d e f i c i t  d u r in g  ru n
The d e s i c c a t i o n  r a t e s  o f  t h e  t h r e e  sam ples  o f  each  s e t  w ere  com pared  
w i th  one a n o th e r  so  t h a t  a  s e r i e s  o f  e i g h t  p a i r e d  c o m p a r iso n s  was o b t a i n e d  
f o r  each  o f  t h e  t h r e e  c o m b in a t io n s  o f  two s p e c i e s .  Two s t a t i s t i c a l
k 5
a n a ly s e s  w ere  u s e d  i n  o r d e r  t o  check  t h e  v a l i d i t y  o f  t h e  c o n c lu s io n s  
drawn from  t h e s e  d a t a :  t h e  P a i r e d  Sample t - t e s t  and  t h e  W ilcoxon S ig n e d
Rank t e s t  g iv e n  hy B a i l e y  (1 9 5 9 ) .  The r e s u l t s  showed c o n c l u s i v e l y  
t h a t  t i s s u e s  o f  P e l v e t i a  and  F, s p i r a l i s  have  no i n t r i n s i c  t e n d e n c y  t o  
d ry  o u t  more s lo w ly  t h a n  t h a t  o f  t h e  lo w - s h o r e  s p e c i e s  Fucus s e r r a t u s  
( T ab le  7 ) .  The s u r f a c e s  o f  t h e  P e l v e t i a  sam p les  l o s t  w a t e r  a t  a 
somewhat h i g h e r  f l u x  . ' ,  (p ) t h a n  t h e  s u r f a c e s  o f  e i t h e r  Fucus s p e c i e s  
(T a b le  7 , -  F i g u r e  1 3 ) .  T h is  d i f f e r e n c e  was fou n d  s i g n i f i c a n t  a t  t h e  
5% l e v e l  when t e s t e d  w i t h  t h e  W ilcoxon S ig n e d  Rank t e s t ,  and  a t  t h e  1% 
l e v e l  a c c o r d in g  t o  t h e  P a i r e d  Sample t - t e s t .  The r e l a t i v e  t i s s u e  
d e h y d r a t io n  r a t e  ( r )  was s i g n i f i c a n t l y  lo w e r  i n  F . s p i r a l i s  t h a n  i n  
F. s e r r a t u s  and  P e l v e t i a  ( 5% l e v e l  by  W ilcoxon t e s t ,  1% l e v e l  by  t h e  
P a i r e d  Sample t - t e s t ) .  However, t h e  a c t u a l  f l u x e s  o f  w a t e r  v a p o u r  
from  t h e  two Fucus s p e c i e s  w e re  e s s e n t i a l l y  i d e n t i c a l ,  and F. s e r r a t u s
T ab le  7 : Mean v a lu e s  o f  s u r f a c e  t o  mass r a t i o  and 
d e s i c c a t i o n  r a t e s  i n  e i g h t  sam p les  each  
o f  P e l v e t i a , Fucus s p i r a l i s  and  F. s e r r a t u s
P e l v e t i a  F, s p i r a l i s  F. s e r r a t u s
S u r f a c e , mm^/mg f r e s h  w t .  4 .1 0  k.hk 5 .0 2
mass
r , h r  ^ f i r s t  h a l f  h o u r  O.56  0 . 4 8  0 .5 4
se c o n d  h a l f  h o u r  0 . 6 6  0 .5 2  O .58*
D,pg/mm^-"hr f i r s t  h a l f  h o u r  77*8 6 9 . 8  70*3
s e c o n d  h a l f  h o u r  6 5 . 8  58 .5  5 6 . 7  ^
*The d a t a  f o r  .one Fucus s e r r a t u s  p l a n t  d u r in g  t h e  se c o n d  h a l f  h o u r  
was l o s t ,  so  t h a t  t h i s  f i g u r e  r e p r e s e n t s  an a v e ra g e  f o r  s e v e n  p l a n t s  
A lso  t h e  s t a t i s t i c s  f o r  t h i s  s p e c i e s  f o r  t h e  s e c o n d  h a l f  h o u r  r e f e r  
t o  seven  p a i r e d  c o m p a r is o n s .
t i s s u e  became d ry  f a s t e r  t h a n  t h a t  o f  F. s p i r a l i s  b e c a u s e  o f  i t s  h i g h e r  
s u r f a c e  t o  mass r a t i o .  P e l v e t i a , w i t h  a  somewhat lo w e r  s u r f a c e  t o  mass 
r a t i o  and a  h i g h e r  f l u x  d r i e d  a t  a  s l i g h t l y  f a s t e r  r a t e ,  m ea su red
as r , t h a n  F. s e r r a t u s , a l t h o u g h  t h i s  d i f f e r e n c e  was n o t  s t a t i s t i c a l l y
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s i g n i f i c a n t .  These  r e s u l t s  i n d i c a t e  c l e a r l y  t h a t  t h e  t i s s u e s  o f  
P e l v e t i a  and  Fucus s n i r a l i s  a r e  no l e s s  s u s c e p t i b l e  t o  d e h y d r a t io n  t h a n  
t h o s e  o f  t h e  low s h o re  s p e c i e s  F . s e r r a t u s  when e x p o se d  t o  t h e  a i r  
u n d e r  c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s .
I n  a l l  t h r e e  s p e c i e s ,  t h e  f l u x  seem ed t o  be i n v e r s e l y  r e l a t e d
t o  t h e  t o t a l  s u r f a c e  a r e a  ( F ig u r e  1 3 ) .  The h ig h  f l u x  i n  P e l v e t i a
s u g g e s t s  t h a t  i t s  p e c u l i a r  c h a n n e l l e d  t h a l l u s  fo rm  i s  l e s s  r a t h e r  t h a n  
more e f f e c t i v e  i n  r e t a r d i n g  w a t e r  l o s s  t h a n  i s  t h e  Fucus b l a d e .
3 . 3 . 2  E v a p o r a t io n  f l u x e s  '■ com pared w i t h  e v a p o r a t i o n  r a t e  f rom  a  
f r e e  s e a w a te r  s u r f a c e .
The r e s u l t s  o b t a i n e d  i n  t h e  p r e c e d in g  s e c t i o n  s u g g e s t  t h a t  P e l v e t i a  
does n o t  p o s s e s s  a  mo’m e f f e c t i v e  s u r f a c e  b a r r i e r  t o  w a t e r  l o s s  t h a n  do 
t h e  Fucus s p e c i e s .  However, no d i r e c t  c o m p a r iso n  c o u ld  b e  drawn 
b e tw e e n  t h e s e  r e s u l t s  and  e v a p o r a t i o n  r a t e  f rom  a  f r e e  w a t e r  s u r f a c e .  
S in c e  t h e  a r e a  and  sh a p e  o f  t h e  w a t e r  s u r f a c e  g r e a t l y  i n f l u e n c e s  i t s  
e v a p o r a t i o n  r a t e  (S te w a rd  1 959 )?  a  v a l i d  co m p a r iso n  w ou ld  r e q u i r e  t h e  
d e s ig n  o f  a  f r e e  w a t e r  s u r f a c e  o f  t h e  same s i z e  and  sh a p e  as t h e  
su s p e n d e d  f u c o i d  sa m p le .  The o b v io u s  p r a c t i c a l  d i f f i c u l t y  i n v o lv e d  
was c i r c u m v e n te d  i n  t h e  f o l l o w i n g  e x p e r im e n t .
A l a r g e  number o f  s m a l l  (lO t o  50 mm lo n g )  t h a l l i  w ere  f u l l y  s o a k e d ,  
l i g h t l y  b l o t t e d  t o  remove e x c e s s  w a t e r ,  and c a r e f u l l y  p a c k e d  i n t o  an 
open 50 mm d ia m e te r  p e t r i  d i s h  ( a r e a  1964 mm.^  ) so  t h a t  t h e  s u r f a c e  o f  
t h e  seaw eed  was as n e a r l y  l e v e l  w i t h  t h e  b r im  o f  t h e  d i s h  a s  p o s s i b l e .  
R a te  o f  w a t e r  l o s s  from  t h e  d i s h  o f  seaw eed was m ea su red  i n  t h e  S t a n to n  
b a l a n c e  s y s te m  a t  2 8 .3  ± 0 .1 °C  and  75% R e l a t i v e  h u m id i ty .  The d i s h  f u l l  
o f  seaw eed  was e q u i l i b r a t e d  i n  t h e  b a l a n c e  f o r  f i f t e e n  t o  tw e n ty  m in u te s  
a f t e r  w hich  t h e  w e ig h t  l o s s  o v e r  a  t h i r t y  m in u te  p e r i o d  was m ea su red .
T h is  m easurem ent was t a k e n  f o r  a  t o t a l  o f  t e n  d i s h e s  o f  P e l v e t i a  and 
t e n  d i s h e s  o f  Fucus s p i r a l i s . The f l u x  (d ) o b t a i n e d  f o r  t h e s e
sam p les  was t h e n  compared d i r e c t l y  w i th  t h a t  o f  an open d i s h  f i l l e d  
t o  t h e  b r im  w i th  s e a w a te r .
S in c e  e v a p o r a t i o n  c o o l s  t h e  body o f  w a te r  from  w h ich  t h e  v a p o u r  
e s c a p e s ,  t h e  s t e a d y  s t a t e  t e m p e r a t u r e  o f  t h e  body o f  w a t e r  o r - s e a w e e d  
i s  lo w e r  t h a n  t h a t  o f  t h e  s u r r o u n d i n g  a tm o s p h e re ,  and  i t  i s  i m p o r ta n t
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t o  e n s u re  t h a t  t h i s  e q u i l i b r i u m  t e m p e r a t u r e  i s  a t t a i n e d  b e f o r e  t h e  
f l u x  , i s  m ea su red .  I t  was fo u n d  i n  a  p r e l i m i n a r y  t e s t  t h a t  a  d i s h  
f u l l  o f  e i t h e r  a l g a l  s p e c i e s  r e a c h e d  t h e  e q u i l i b r i u m  t e m p e r a t u r e  w i t h i n  
a  f i f t e e n  t o  tw e n ty  m in u te  e q u i l i b r a t i o n  p e r i o d ,  b u t  t h a t  t h e  d i s h  o f  
s e a  w a t e r  r e q u i r e d  a b o u t  one h o u r .  T h e r e f o r e  f l u x  , f rom  a  d i s h  
o f  s e a w a te r  was m ea su red  a f t e r  a  o n e -h o u r  e q u i l i b r a t i o n  i n  t h e  S t a n to n  
b a l a n c e  and t h e  d e t e r m i n a t i o n  was c a r r i e d  o u t  o v e r  s i x  s u c c e s s i v e  t h i r t y -  
m in u te  i n t e r v a l s .
The t e n  d i s h e s  o f  Fucus l o s t  an a v e ra g e  o f  7 9 .6  ± 4 .2  pg w a t e r  p e r  
mm^  p e r  h o u r ,  and  t h e  v a lu e  f o r  t h e  t e n  d i s h e s  o f  P e l v e t i a  was e s s e n t i a l l y  
i d e n t i c a l :  79*5 ± 5 .2  pg /m m ^-h r . These  r a t e s  a r e  a b o u t  84% as f a s t  as
t h a t  o f  t h e  f r e e  s e a w a t e r  s u r f a c e  (9 4 .4  ± 1 .6  pg /m m ^ -h r . ) ,  w hich  shows 
t h a t  t h e  m o is t  e p id e r m is  o f  t h e s e  u p s h o re  f u c o id s  f u n c t i o n s  o n ly  t o  a  
v e ry  s l i g h t  e x t e n t  as  a  c u t i c l e .  S in c e  e v a p o r a t i o n  f l u x e s  from  
F. s p i r a l i s  sam ples  and  F. s e r r a t u s  sam ples  o f  s i m i l a r  s i z e  w ere  
e s s e n t i a l l y  t h e  same (T a b le  7 ) ,  i t  can b e  i n f e r r e d  t h a t  a  s u r f a c e  
composed o f  P e l v e t i a  w ould  d ry  no more s lo w ly  t h a n  one composed o f  
F. s e r r a t u s .
A s e c o n d  d e t e r m i n a t i o n  was p e r fo rm e d  t o  f i n d  o u t  w h e th e r  t h e  
e p id e rm is  form s a  more e f f e c t i v e  b a r r i e r  a f t e r  becom ing  p a r t i a l l y  
d e h y d r a t e d .  Two d i s h e s  o f  each  s p e c i e s  w ere  d r i e d  a t  28 .3°C  ± 0 .3 ° C ,
75% r e l a t i v e  h u m id i ty  f o r  f i v e  h o u r s , d u r in g  w hich  t h e  s u r f a c e  o f  seaw eed  
became q u i t e  d ry  t o  t h e  t o u c h .  However, t h e  r a t e  o f  e v a p o r a t i o n  
was o n ly  a b o u t  15% s lo w e r  a t  t h e  en d  o f  t h e  f i v e - h o u r  p e r i o d  t h a n  t h a t  
d u r in g  t h e  f i r s t  h a l f  h o u r .  T h is  shows t h a t  no c u t i c l e - l i k e  b a r r i e r  t o  
w a t e r  l o s s  forms upon p a r t i a l  d r y in g .
One a d v a n ta g e  o f  m e a s u r in g  w a t e r  l o s s  from  t h e  d i s h e s  o f  seaw eed  i s  
t h a t  t h e y  more c l o s e l y  a p p ro x im a te  t h e  n a t u r a l  s i t u a t i o n  o f  seaw eed  
l y i n g  i n  h e a p s  on t h e  s h o r e  w i t h  o n l y  t h e  u p p e r  s u r f a c e  e x p o se d  t h a n  do 
t h e  i n d i v i d u a l  p l a n t s  s u s p e n d e d  i n  t h e  a tm o sp h e re .  I t  i s  i n t e r e s t i n g  
t o  n o t e ,  t h e r e f o r e ,  t h a t  t h e  more " n a t u r a l "  e x p e r im e n t  showed v i r t u a l l y  
i d e n t i c a l  e v a p o r a t i o n  •Pivxes' i n  P e l v e t i a  and  F. s p i r a l i s  , i n  c o n t r a s t  
t o  t h e  e a r l i e r  m ethod w hich  y i e l d e d  somewhat h i g h e r  r a t e s  f o r  P e l v e t i a  
t h a n  f o r  Fucus sp p .  A p o s s i b l e  r e a s o n  f o r  t h e  d i f f e r e n c e  b e tw e e n  
d e s i c c a t i o n  r a t e s  o f  s u s p e n d e d  sam p les  o f  t h e s e  two d i f f e r e n t  g e n e r a  w i l l  
b e  d i s c u s s e d  i n  s e c t i o n  3 . 3 . 5 .
^8
3 . 3 . 3  C o l l o i d a l  w a t e r  c o n t e n t
The c o l l o i d a l  w a t e r  c o n t e n t s  o f  P e l v e t i a , Fucus s p i r a l i s  and  F. 
s e r r a t u s  w ere  com pared i n  o r d e r  t o  d e te rm in e  w h e th e r  u p s h o re  f u c o i d s  
a r e  more h y g r o s c o p ic  t h a n  F, s e r r a t u s . F iv e  d e t e r m i n a t i o n s
w ere  p e r fo rm e d  a t  a  w ide  r a n g e  ô f  w a t e r  p o t e n t i a l s  and  a t  d i f f e r e n t  
t im e s  o f  t h e  y e a r .  Two s u p p le m e n ta ry  co m p ar iso n s  w ere  a l s o  drawn 
b e tw e en  P e l v e t i a  and  F. s p i r a l i s . The sam ples  w ere  s o a k e d ,  w e i r e d ,  
e q u i l i b r a t e d  a t  t h e  d e s i r e d  w a t e r  p o t e n t i a l ,  and  r e w e ig h e d .  F i n a l l y ,  
t h e i r  d ry  w e ig h ts  w ere  t a k e n ,  and  two p a r a m e te r s  o f  " c o l l o i d a l  w a te r "  
c o n t e n t  w ere  c a l c u l a t e d  as  d e s c r i b e d  i n  s e c t i o n  2 . 5 - 2 .  The f i r s t  
p a r a m e t e r ,  w a t e r  r e t a i n e d  as a  p e r c e n ta g e  o f  t h e  t o t a l  o r i g i n a l  w a t e r  
c o n t e n t ,  r e f l e c t s  t h e  d e g re e  t o  w h ich  t h e  c e l l s  a v o id  co m p le te  
d e h y d r a t io n  and  r e s u l t i n g  c o l l a p s e  a t  a  g iv e n  w a t e r  p o t e n t i a l .  P e l v e t i a  
r e t a i n e d  t h e  g r e a t e s t ,  p e r c e n t a g e  o f  i t s  t i s s u e  w a t e r  and  s e r r a t u s  
t h e  l e a s t ,  r e g a r d l e s s  o f  t h e  w a t e r  p o t e n t i a l  and  t h e  t im e  o f  y e a r  
(T a b le  8 ) ,  Thus a v o id a n c e  o f  c e l l  d e h y d r a t io n  and  c o l l a p s e  a p p e a r s  
t o  c o r r e l a t e  w i th  d i s t r i b u t i o n a l  r a n g e  on t h e  s h o r e .
R e t e n t i o n  o f  a  g r e a t e r  p e r c e n t a g e  o f  t h e  t o t a l  w a t e r  c o n t e n t  a t  a  
g iv e n  w a t e r  p o t e n t i a l  can  be a t t r i b u t e d  e i t h e r  t o  a  h i g h e r  p e r c e n t  d ry  
m a t t e r  c o n t e n t  i n  t h e  f u l l y  h y d r a t e d  t i s s u e ,  o r  t o  a  g r e a t e r  h y g r o s c o p ic  
( w a te r - b i n d in g )  c a p a c i t y  o f  t h e  d ry  m a t t e r .  The l a t t e r  i s  e x p r e s s e d  
b y  t h e  s e c o n d  p a r a m e te r  o f  c o l l o i d a l  w a t e r  c o n t e n t :  grams o f  w a t e r
r e t a i n e d  p e r  100 grams d ry  m a t t e r .
At t h e  l e s s  n e g a t i v e  w a t e r  p o t e n t i a l s .  Fucus s p i r a l i s  r e t a i n e d  
s i g n i f i c a n t l y  more w a t e r  p e r  100 grams d ry  m a t t e r  t h a n  e i t h e r  P e l v e t i a  
o r  F. s e r r a t u s , w h i l e  a t  -6 6 5  b a r s  and  b e lo w ,  t h e  t h r e e  s p e c i e s  r e t a i n e d  
s i m i l a r  amounts (T a b le  8 ) .  P e l v e t i a  c o n s i s t e n t l y  h a d  t h e  g r e a t e s t  
p e r c e n t  d ry  m a t t e r ,  b u t  was n o t  fo u n d  t o  b e  t h e  m ost h y g r o s c o p ic  i n  any 
o f  t h e  s e v e n  c o m p a r iso n s  w i t h  Fucus sp p .
I n  o r d e r  t o  f u r t h e r  i n v e s t i g a t e  t h e  r e l a t i o n s h i p  b e tw e e n  p e r c e n t  
d ry  m a t t e r ,  c o l l o i d a l  w a t e r  c o n t e n t ,  and  d i s t r i b u t i o n a l  r a n g e  on t h e
y e ü \ o v \ %  ù i  h\e. h ia iiv s
s h o r e ,  c o l l o i d a l  w a t e r  c o n t e n t s  o f  d i f f e r e n t ;  ^  o f  f o u r  f u c o id s  
w ere  com pared. The sam p les  w ere  a i r - d r i e d  t o  c o n s t a n t  w e ig h t  i n  t h e  
l a b o r a t o r y ,  whose w a t e r  p o t e n t i a l  was -4 4 0  b a r s  ( l9 ° C ,  72% h u m id i ty )
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T ab le  8 : Mean ± s t a n d a r d  d e v i a t i o n  o f  p e r c e n t  d ry  m a t t e r
and  c o l l o i d a l  w a t e r  c o n te n t s  o f  P e l v e t i a , Fucus 
s p i r a l i s  and s e r r a t u s  m easu red  a t  d i f f e r e n t  
w a t e r  p o t e n t i a l s  and  a t  d i f f e r e n t  t im e s  o f  y e a r .
a t e r D ate  o f % d ry
% o f  t o t a l
o r i g i n a l
w a t e r
grams w a t e r  
r e t a i n e d  p e r  
100 grams
D t e n t i a l D e te r m in a t io n S p e c ie s  n m a t t e r c o n te n t d ry  m a t t e r
-1374  b a r s 30 March 1976 P e l v e t i a  5 2 2 .6 ± 1 .0 2 .8 ± 0 .2 9 . 5 + 0 .8
F. s p i r a l i s  5 1 8 . 7 ± 1 .0 2 . 3 ± 0 .2 9 . 8 ± 1 .1
- 950 b a r s 21 Feb. 1976 P e l v e t i a  iO 2 1 .1 ± 0 .8 3.B ± 0 .2 1 3 .2 ± 0 .6
F. s p i r a l i s  *0 1 9 .6 ± 1 . 0 3 . 2 ± 0 .2 1 3 .3 ± 0 .4
F. s e r r a t u s  B 1 8 .4 ± 1 . 3 2 . 9 ± 0 . 3 1 3 . 1 ± 1 . 8
- 900 b a r s 19 May 1976 P e l v e t i a  5 2 6 .1 ± 0 . 2 4 .2 ± 0 .3 1 2 .0 ± 0 . 8
F. s p i r a l i s  5 2 3 . 7 ± 0 .4 3 . 7 ± 0 .2 1 2 .1 ± 0 . 3
- 665 b a r s * 30 May 1974 P e l v e t i a  20 2 7 .4 ± 1 . 3 6 .6 ± 0 .4 1 7 . 4 ± 0 .4
F . s p i r a l i s  I 8 2 2 .6 ± 2 . 1 5 .2 ± 0 .6 1 7 . 7 ± 0 .2
F . s e r r a t u s  21 2 2 .2 ± 2 .2 4 .9 ± 0 .6 1 7 . 1 ± 0 .4
- 395 b a r s 29 Aug. 1975 P e l v e t i a  8 2 8 .1 ± 0 . 8 9 . 8 ± 0 .4 2 5 . 0 ± 1 . 0
F . s p i r a l i s  8 2 1 .0 ± 1 . 0 7 . 8 + 0 .5 2 9 .4 ± 2 . 2
F . s e r r a t u s  8 2 1 .5 ± 2 . 3 6 .4 + 0 .6 2 3 . 7 ± 3 .1
- 395 b a r s 13 S e p t .  1975 P e l v e t i a  10 30 .0 ± 1 .2 8 .9 ± 0 .4 2 0 .8 ± 1 .1
F . s p i r a l i s  10 2 2 .5 ± 1 . 2 6 .8 ± 0 . 5 2 3 . 2 ± 1 .2
F. s e r r a t u s  10 2 0 .6 ± 1 .1 5 .7 ± 0 .4 2 1 .9 ± 1 .4
)p ro x im a te ly 31 May 1974 P e l v e t i a  20 2 7 .4 ± 1 . 3 21 .5 ± 1 .4 5 7 .0 ± 2 .9
■ 150  . t o F . s p i r a l i s  I 8 2 2 .6 ± 2 .2 1 9 . 0 ± 2 .6 6 4 .8 ± 2 .8
200 b a r s  * F. s e r r a t u s  21 2 2 .2 ± 2 .2 1 5 . 3 ± 1 . 7 5 4 .1 ± 6 .0
These two s e t s  o f  d a t a  w ere  o b t a i n e d  from  t h e  same s e t s  o f  
a l g a l  sam ples  w h ich  w ere  e q u i l i b r a t e d  f i r s t l y  i n  t h e  l a b o r a t o r y  
( -665  b a r s )  and  t h e n  i n  t h e  10 C c u l t u r e  room. An e x a c t  v a lu e  
o f  r e l a t i v e  h u m id i ty  was u n f o r t u n a t e l y  n o t  o b t a i n e d  i n  t h e  l a t t e r ,  
b u t  i t  g e n e r a l l y  r a n g e d  b e tw e e n  85 and 90% ( =  -  I 5OI0 -  200 b a r s ) .  
S in c e  t h e  sam ples  w ere  e q u i l i b r a t e d  s i m u l t a n e o u s l y ,  a  m e a n in g fu l  
c o m p ar iso n  o f  t h e  s a m p l e s ’ " c o l l o i d a l "  w a t e r  c o n te n t  was p o s s i b l e .
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when t h e  a i r - d r y  w e ig h t  was t a k e n .  The t i s s u e s  u s e d  w e re :  v e g e t a t i v e  
t i s s u e  and  r e c e p t a c l e s  of* P e l v e t i a , v e g e t a t i v e  t i s s u e  and  r e c e p t a c l e s  
o f  A s c o p h y l lu m , and  s t i p e ,  b l a d e  and. r e c e p t a c l e s  o f  Fucus s p i r a l i s  and
reoiiin
F. s e r r a t u s . Ten t o  t h i r t y - o n e  sam p les  o f  each  o f  e ach  s p e c i e s
w ere  u se d ,
C o l l o i d a l  w a t e r  c o n t e n t  was s i m u l t a n e o u s l y  d e te r m in e d  i n  t h e  
v e g e t a t i v e  p&rtf o f  t h e  i n t e r t i d a l  r e d  a l g a  G i g a r t i n a  s t e l l a t a , and  i n  
s t i p e s  and  b l a d e s  o f  t h e  s u b l i t t o r a l  f r i n g e  a l g a  L a m in a r ia  d i g i t a t a . 
These  two s p e c i e s  w ere  i n c l u d e d  i n  o r d e r  t o  compare t h e  c o l l o i d a l  w a t e r  
c o n te n t s  o f  t h e  f o u r  f u c o i d s  w i th  t h a t  o f  an u n r e l a t e d  i n t e r t i d a l  a l g a ,  
and  w i t h  t h a t  o f  an  a l g a  whose h a b i t a t  i s  n o t  s u b j e c t e d  t o  s e v e r e  
d e s i c c a t i o n .  Seven t o  t e n  sam p les  o f  each  t i s s u e  w ere  u s e d .
The r e s u l t s  o f  t h e  d e t e r m i n a t i o n  show c o n c l u s i v e l y  t h a t  t h e  d ry  
m a t t e r  o f  P e l v e t i a  and F. s p i r a l i s  i s  n o t  more h y g r o s c o p ic  t h a n  t h a t  
o f  t h e  m id s h o re  s p e c i e s  A scophy llum  and  G i g a r t i n a  s t e l l a t a . I n  f a c t ,
t h e  c o l l o i d a l  w a te r  c o n t e n t  p e r  100 grams d ry  m a t t e r  i s  v e ry  s i m i l a r  
i n  a l l  f o u r  s p e c i e s  ( F ig u r e  l 4 ,  t o p ) .  I t  i s  a l s o  s i m i l a r  i n  t h e  
d i f f e r e n t  thal/ws , d e s p i t e  g r e a t  d i f f e r e n c e s  i n  d ry  m a t t e r  c o n t e n t .
E.' s e r r a t u s  r e t a i n e d  s l i g h t l y  l e s s  w a t e r  p e r  100 grams d ry  m a t t e r ,  w h i l e  
L a m in a r ia  r e t a i n e d  much l e s s ,  t h a n  d i d  t h e  m id -  and  h i g h  s h o r e  s p e c i e s .  
L a m in a r ia  h a s  a  h i g h e r  ash  and l a m i n a r i n  c o n t e n t  t h a n  t h e  F u c a c ea e  
(B lac k  1 9 4 8 a ,  1 9 4 8 b ,  1 9 4 9 b ) ,  and  r a t h e r  lo w e r  a l g i n a t e  c o n t e n t ,  w h ich  
m ig h t  e x p l a i n  t h e  lo w e r  w a t e r  b i n d i n g  c a p a c i t y  o f  i t s  d ry  m a t t e r .
The m ost s t r i k i n g  f e a t u r e  o f  t h e  d a t a  i s  t h e  v e ry  c l o s e  c o r r e l a t i o n  
b e tw e e n  p e r c e n t  d ry  m a t t e r  and  p e r c e n t  o f  t o t a l  w a t e r  c o n t e n t  r e t a i n e d  
( F ig u r e  l 4 , b o t to m ) .  T h is  r e l a t i o n s h i p  i s  a l s o  e v i d e n t  among t h e  
sam ples  o f  a  s i n g l e  t), ail us recjion , as i s  i l l u s t r a t e d  i n  F ig u r e  15 f o r
F. s e r r a t u s  b l a d e s .  Thus i t  i s  t h o s e  t i s s u e s  w i t h  a  h i ^  p e r c e n t  d ry  
m a t t e r  w hich  r e t a i n  a  l a r g e r  p o r t i o n  o f  t h e i r  w a t e r  d u r in g  e x p o s u re  t o  
t h e  a tm o s p h e re .  I t  i s  i n t e r e s t i n g  t o  n o t e  i n  t h i s  c o n t e x t  t h a t  t h e  
d ry  m a t t e r  c o n t e n t  o f  P e l v e t i a  i n  t h i s  d e t e r m i n a t i o n  (24%) was e x c e e d e d  
by  t h o s e  o f  Fucus s t i p e s  and  G i g a r t i n a  b l a d e s  (27-30% ). The im p o r ta n c e  
o f  t h e  d ry  m a t t e r  c o n t e n t  i n  d ro u g h t  t o l e r a n c e  i s  i n v e s t i g a t e d  f u r t h e r  
i n  s e c t i o n  3 .8 .
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- 4 4 0  b a r s  i n  d i f f e r e n t  o f  s i x  a l g a l  s p e c i e s .
Graph shows means o f  p e r c e n t  d ry  m a t t e r ,  mean p e r c e n t  
o f  w a t e r  r e t a i n e d ,  and  mean, s t a n d a r d  d e v i a t i o n  and  
r a n g e  o f  grams w a t e r  r e t a i n e d  p e r  100 grams d ry  m a t t e r .  
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Vo dry matter
F i g u r e  1 5 .  R e l a t i o n s h i p  b e tw e e n  p e r c e n t  d ry  m a t t e r  and  p e r c e n t  o f  w a t e r
c o n t e n t  r e t a i n e d  a t  -4 4 o  b a r s  w a t e r  p o t e n t i a l  i n  Fucus s e r r a t u s  
b l a d e s .  C o r r e l a t i o n  c o e f f i c i e n t  = 0 .9 7 8 ,  p < < 0 .0 0 1 .  L i n e a r
r e g r e s s i o n  e q u a t i o n :  y  = 0.263%  ~ 1 . 0 1 ,  w h e re  y  = p e r c e n t  o f
w a t e r  r e t a i n e d  and  x  = p e r c e n t  d ry  m a t t e r .
3 . 3 . ^  S u r f a c e  t o  mass r a t i o
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The r e l a t i v e  d e h y d r a t i o n  r a t e  o f  a  p l a n t  e^cposed t o  a  d r y in g  e n v i r o n ­
ment i s  d i r e c t l y  r e l a t e d  t o  t h e  amount o f  s u r f a c e  a r e a  p e r  u n i t  o f  p l a n t  
m ass ,  as w e l l  as t o  t h e  r a t e  o f  w a t e r  l o s s  p e r  u n i t  s u r f a c e  a r e a .  
T h e r e f o r e ,  s i n c e  e v a p o r a t i o n  f l u x e s  a r e  s i m i l a r  i n  P e l v e t i a  and  Fucus 
s p p . , P e l v e t i a  w ou ld  d ry  o u t  more s lo w ly  t h a n  t h e  o t h e r s  i f  i t  h a s  a  
lo w e r  s u r f a c e  t o  mass r a t i o  t h a n  t h e  o t h e r  s p e c i e s .  T h is  v a lu e  does 
a p p e a r  a  l i t t l e  lo w e r  i n  t h e  P e l v e t i a  sam ples  t h a n  i n  t h e  Fucus sam ples  
u s e d  i n  t h e  d e s i c c a t i o n  d e t e r m i n a t i o n  (T a b le  T ). To s u p p le m e n t  t h e s e  
d a t a ,  I  m ea su red  t h i s  r a t i o  i n  b o t h  s m a l l e r  and  l a r g e r  j u v e n i l e  p l a n t s  
as w e l l  as  i n  segm en ts  o f  v e g e t a t i v e  t i s s u e  t a k e n  from  a d u l t  p l a n t s  o f  
P e l v e t i a , Fucus sp p .  and  A sc o p h y l lu m . The sam ples  from  a d u l t  Fucus 
s p p .  w ere  t a k e n  from  t h e  d i s t a l  p o r t i o n s  o f  h e a l t h y  b r a n c h e s  w here  t h e  
b l a d e  t i s s u e  was i n t a c t .  The " s t i p e "  p o r t i o n  o f  t h e  Fucus p l a n t  
from  w hich  t h e  b l a d e  h a d  e ro d e d  was e x c lu d e d  so  t h a t  t h e  a d u l t  Fucus 
sam ples  w ou ld  b e  more c o m p a rab le  w i th  t h e  j u v e n i l e  p l a n t s  w hich  have  
l i t t l e  o r  no s t i p e  r e g i o n .
S u r f a c e  a r e a  and  w e t w e i ^ t s  w ere  m easu red  t o  o b t a i n  t h e  s u r f a c e  
t o  mass r a t i o  o f  e a ch  sa m p le .  Mean s u r f a c e  t o  mass r a t i o s  o f  f i v e  
s i z e  c l a s s e s  o f  each  s p e c i e s  a r e  g iv e n  i n  T a b le  9 .
T a b le  9 : Mean ± s t a n d a r d  d e v i a t i o n  o f  s u r f a c e  t o  mass r a t i o
i n  mm^/mg w et w e ig h t  i n  young p l a n t s  and b l a d e  sam p les  
o f  a d u l t  p l a n t s  o f  P e l v e t i a , Fucus s p i r a l i s  and F. 
s e r r a t u s , and  a d u l t  sam ples  o f  A sc o p h y l lu m . The 
sam ple  s i z e  i s  a l s o  g iv e n  f o r  each  s i z e  c l a s s  o f  each  
s p e c i e s .
Sam ples 01 
a d u l t  p l a n t s 250-1000  mg 100  -  250 mg 50 -  100 mg 6 -  50 mg
P e l . k .1 5  ± 0 .3 1 i i . o i  ± 0 .1 8 4 .1 0  ± 0 .2 2 4 .2 2  ± 0 . 2 1 5 .3 6  ± 0 .8 4
n=25 n=5 n ~ l 6 n =8 n=4
3 .1 9  ± 0 . 2 k U.03 ± 0 .2 2 4 . 2 5  ± 0 .3 8 4 .5 9  ± 0 .3 3 5 .6 2  ± 0 . 3 0
n =26 n =6 n=13 n =8 n=4
F. s e . 2 .7 3  ± 0.3k k .0 9  ± 0 .2 4 4 . 7 7  ± 0 .4 4 4 . 8 9  ± 0 . 2 8 6 .2 1  ± 0 . 7 4
■ n=23 n=6 ' ,n=12 n=5 n=4
. A s q o . ,  . 1 . 5 2  ± 0 . l 4
n=28
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3 .3 .5  E f f e c t  o f  t h a l l u s  s h a p e  on r a t e  o f  d e s i c c a t i o n
The e f f e c t  o f  t h a l l u s  s h a p e  upon d e s i c c a t i o n  r a t e  was i n v e s t i g a t e d  
i n  A sc o p h y l lu m , Fucus sp p .  and P e l v e t i a  i n  o r d e r  t o  d e te r m in e  w h e th e r  
t h e  p e c u l i a r  c h a n n e l  sh a p e  o f  t h e  l a t t e r  c o n f e r s  any a d v a n ta g e  i n  w a t e r  
c o n s e r v a t i o n .  T h ree  b a s i c  sh a p e s  w ere  c o n s id e r e d :  t h e  e l l i p t i c a l -
c y l i n d r i c a l  A scophy llum  t h a l l u s  and  Fucus s t i p e s  , t h e  Fucus b l a d e  w hich  
i s  a  f l a t  l a m in a  w i t h  a  t h i c k e n e d  m i d r i b ,  and  t h e  c h a n n e l l e d  P e l v e t i a  
t h a l l u s .
I n  i n v e s t i g a t i n g  t h e  e f f e c t  o f  t h a l l u s  sh ap e  upon r a t e  o f  d r y i n g ,  
s e v e r a l  c o m p l ic a t io n s  w ere  e n c o u n te r e d .  F i r s t l y ,  t h e  e f f e c t  o f  t h e  
sh a p e  o f  t h e  i n d i v i d u a l  a x i s  o f  t h e  t h a l l u s  m ust b e  d i s t i n g u i s h e d  from  
t h a t  o f  t h e  c l o s e  j u x t a p o s i t i o n  and  m u tu a l  p r o t e c t i o n  o f  t h a l l u s  b r a n c h e s .  
I n  t h i s  i n v e s t i g a t i o n ,  s i n g l e  u n b ra n c h e d  segm en ts  e x c i s e d  from  t h e  t h a l l u s  
w ere  u s e d  i n  o r d e r  t o  a s s e s s  t h e  e f f e c t  o f  shape  a l o n e .
S e c o n d ly ,  t h e  e f f e c t  o f ' sh a p e  must be  d i s t i n g u i s h e d  from  t h a t  o f  
s u r f a c e  a r e a  t o  mass r e l a t i o n s h i p .  I d e a l l y ,  t h i s  w ou ld  be  done by  
com paring  sam p les  w h ich  d i f f e r  i n  s h a p e  b u t  have  i d e n t i c a l  s u r f a c e  t o  
mass r a t i o s .  As t h i s  was n o t  p r a c t i c a b l e ,  a  number o f  sam p les  o f  each  
s p e c i e s  w ere  t a k e n  and  t h e  r e l a t i v e  d e h y d r a t io n  r a t e  ( r )  was d e te r m in e d  
and  p l o t t e d  a g a i n s t  s u r f a c e  t o  mass r a t i o .
T h i r d l y ,  t h e  r e l a t i v e  d e h y d r a t io n  r a t e  o f  t h e  segm ent w i l l  c l e a r l y  
depend upon w h e th e r  i t  i s  s u s p e n d e d  i n  t h e  a i r  o r  w h e th e r  i t  i s  l a i d  
on a  f l a t  s u r f a c e .  T h is  d i f f e r e n c e  c a n n o t  be  assum ed t o  b e  o f  t h e  same 
m a g n i tu d e  i n  segm en ts  o f  d i f f e r e n t  s h a p e s .  H a l f  o f  t h e  s u r f a c e  a r e a  
o f  a  f l a t  b l a d e  segm en t i s  i n  c o n t a c t  w i t h  a  f l a t  s u r f a c e  on w h ich  i t  
l i e s ,  and t h u s  e f f e c t i v e l y  p r o t e c t e d  from  t h e  d r y in g  a tm o s p h e re .  A 
c y l i n d r i c a l  s t i p e  h a s  much l e s s  o f  i t s  s u r f a c e  a r e a  i n  c o n t a c t  w i t h  and 
p r o t e c t e d  by  t h e  s u r f a c e  on w hich  i t  l i e s .  T h e r e f o r e ,  w h i l e  s t i p e  and  
b l a d e  segm en ts  o f  t h e  same s u r f a c e  t o  mass r e l a t i o n s h i p  may d ry  e q u a l l y  
f a s t  w h i l e  s u s p e n d e d ,  t h e  b l a d e  may d ry  more s lo w ly  t h a n  t h e  s t i p e  w h i l e  
l y i n g  on a  s u r f a c e .  F o r  t h i s  r e a s o n ,  t h e  d e t e r m i n a t i o n  was c a r r i e d  o u t  
t w i c e ,  once w i th  t h e  sam p les  s u s p e n d e d ,  and  once  w i t h  t h e  sam p les  l a i d  
on p a p e r  to w e ls  on t h e  l a b o r a t o r y  b e n c h .
F i n a l l y ,  owing t o  t h e  v e r y  s m a l l  s i z e  o f  t h e  segm en ts  u s e d ,  t h e
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s u r f a c e  a r e a  c o u ld  n o t  b e  a c c u r a t e l y  a s s e s s e d  w i th  t h e  p h o to co p y  
m ethod. T h e r e f o r e  s u r f a c e  t o  volume r a t i o  was e s t i m a t e d  by  d i v i d i n g  
t h e  p e r i m e t e r  o f  t h e  s e g m e n t 's  c r o s s  s e c t i o n  by  t h e  c r o s s  s e c t i o n a l  
a r e a .  S u r f a c e  t o  mass r a t i o  was d e r i v e d  d i r e c t l y  from  s u r f a c e  t o  
volume r a t i o  a ssu m in g  a  s p e c i f i c  g r a v i t y  o f  one i n  t h e  f u c o i d s ,  w hich  
a r e  o b s e rv e d  t o  b e  o f  r o u ^ l y  n e u t r a l  b u o y an cy .
The c r o s s  s e c t i o n a l  p e r i m e t e r  and  a r e a  w ere  d e r i v e d  from  t h e  
d im e n s io n s  shown i n  F ig u r e  l 6  w hich  w ere  m ea su red  w i t h  a  m i l l i m e t e r  
r u l e r  and a  m ic ro m e te r  c a l i p e r .  A m a th e m a t ic a l  a p p ro x im a t io n  was 
u s e d  t o  o b t a i n  t h e  p e r i m e t e r  o f  t h e  e l l i p t i c a l  c r o s s  s e c t i o n .
P e l v e t i a Fucus b l a d e A sc o p h y l lu m , 
Fucus s t i p e
F ig u r e  l 6 : D im ensions  o f  t h a l l u s  c r o s s  s e c t i o n s
from  w hich  s u r f a c e  t o  volume r a t i o  
was e s t i m a t e d .
T h is  e s t i m a t i o n  o f  s u r f a c e  t o  volume r a t i o  n e g l e c t s  t h e  c u t  end  
s u r f a c e s .  However, t h e  segm en ts  w ere  q u i t e  l o n g  r e l a t i v e  t o  t h e i r  
t h i c k n e s s e s ,  and  t h e  end a r e a  c o m p r ise d  o n ly  a s m a l l  f r a c t i o n  o f  t h e  
t o t a l  a r e a .  S in c e  undamaged s u r f a c e s  o f  f u c o id s  e v a p o r a t e  w a t e r  8h% 
as  f a s t  as a  f r e e  s e a w a te r  s u r f a c e ,  t h e  e r r o r  i n t r o d u c e d  by  n e g l e c t i n g  
t h e  c u t  ends was n o t  l a r g e  e v en  i f  t h e y  l o s t  w a t e r  f u l l y  as  f a s t  as  a  
f r e e  s e a w a te r  s u r f a c e .
A se c o n d  d i s a d v a n t a g e  r e s u l t i n g  from  t h e  u s e  o f  s m a l l  seg m en ts  i s  
t h a t  t h e y  became d ry  v e r y  r a p i d l y ,  o f t e n  l o s i n g  more t h a n  h a l f  t h e i r
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w a te r  c o n te n t  w i t h i n  one h o u r .  Fo r  t h i s  r e a s o n ,  t h e  e v a p o r a t i o n  f l u x
D c o u ld  n o t  b e  d e te r m in e d  a c c u r a t e l y  from  t h e  d a t a ,  s i n c e  i t  
d e c l i n e s  p r o g r e s s i v e l y  as t h e  t i s s u e  d r i e s  up . T h e r e f o r e ,  o n ly  t h e
r e l a t i v e  d e h y d r a t io n  r a t e  was c a l c u l a t e d .
The s u r f a c e  t o  mass r a t i o  was e s t i m a t e d  f o r  t e n  segm en ts  e a ch  o f  
P e l v e t i a  f r o n d ,  A scophy llum  f r o n d ,  F . s p i r a l i s  s t i p e ,  _Fn s p i r a l i s  b l a d e ,
F. s e r r a t u s  s t i p e  and  F. s e r r a t u s  b l a d e ,  and  t h e  r e l a t i v e  d e h y d r a t io n  
r a t e  was t h e n  d e te r m in e d  d u r in g  a  one h o u r  d r y in g  p e r i o d .  One P e l v e t i a  
sam ple  f e l l  f rom  i t s  s u s p e n d e d  p o s i t i o n  d u r in g  t h e  d r y in g  p e r i o d ;  
t h e r e f o r e  t h i s  r e s u l t  was l o s t  and o n ly  n in e  a r e  r e p o r t e d  f o r  t h i s
s p e c i e s .  The r e s u l t s  f o r  a l l  f o u r  s p e c i e s  a r e  shown i n  F ig u r e  1 7 ,  w h ich
r e v e a l s  t h e  o c c u r r e n c e  o f  two w id e ly  s e p a r a t e d  g r o u p s .  D e s i c c a t i o n  r a t e s  
i n c r e a s e d  r a p i d l y  w i th  s u r f a c e  t o  mass r a t i o  i n  t h e  e l l i p t i c a l - c y l i n d r i c a l  
A scophy llum  sam p les  and  Fucus s t i p e s .
By c o n t r a s t ,  t h e  Fucus b l a d e s  and  P e l v e t i a  c h a n n e l s  p r e s e n t e d  3 .3  
t o  4 . 8  mm^  s u r f a c e  p e r  m i l l i g r a m ,  y e t  none d r i e d  more t h a n  one and  o n e -  
h a l f  t im e s  as  f a s t  as t h e  s m a l l e s t  s t i p e  w hich  h a d  a  s u r f a c e  t o  mass 
r a t i o  o f  1 . 3  mm^/mg. I n  p a r t i c u l a r ,  t h e  Fucus b l a d e  sam p les  d r i e d  a t
a b o u t  t h e  same r a t e  as  t h e  s m a l l e r  Fucus s t i p e s  w h ich  h a d  o n ly  one 
q u a r t e r  t o  one t h i r d  as much s u r f a c e  a r e a  p e r  u n i t  m ass .  T h e r e f o r e  
t h e  a c t u a l  e v a p o r a t i o n  f l v x e r  frovn t h e  s t i p e s  m ust b e  t h r e e  t im e s  th o se  
froYn t h e  b l a d e s .
The P e l v e t i a  f ro n d s  d r i e d  c o n s i d e r a b l y  f a s t e r  t h a n  t h e  Fucus b l a d e s  
o f  s i m i l a r  s u r f a c e  t o  mass r a t i o . T h e r e f o r e  t h e  c h a n n e l  sh a p e  a p p e a r s  
t o  c o n f e r  l e s s  o f  an  a d v a n ta g e  t h a ’h t h e  f l a t  b l a d e  sh ap e  i n  r e t a r d i n g  
w a t e r  l o s s .  T h is  i s  c o n f i rm e d  b y  t h e  o b s e r v a t i o n  t h a t  i n d i v i d u a l  
P e l v e t i a  p l a n t s  su s p e n d e d  i n  t h e  S t a n to n  b a l a n c e  s y s te m  d r i e d  a l i t t l e  
f a s t e r  t h a n  d i d  Fucus p l a n t s  o f  t h e  same s i z e  and  a  s l i g h t l y  g r e a t e r  
s u r f a c e  t o  mass r a t i o .
In  t h e  p r e s e n t  d e t e r m i n a t i o n ,  t h e  P e l v e t i a  segm en ts  u s e d  w ere  
much s m a l l e r  i n  mass t h a n  t h e  Fucus b l a d e  s e g m e n ts ,  and  t h e  l a r g e  
d i f f e r e n c e  i n  r e l a t i v e  d e h y d r a t io n  r a t e s  shown i n  F i g u r e  17 i s  p a r t i a l l y  
an  a r t e f a c t  o f  t h i s  d i f f e r e n c e  i n  m ass .
I n  t h e  s e c o n d  d e t e r m i n a t i o n  i n  w hich  t h e  segm en ts  w ere  d r i e d  w h i l e
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l y i n g  on a  f l a t  s u r f a c e ,  f i f t e e n  sam ples  each o f  P e l v e t i a , A scophy llum  
and b l a d e  and  s t i p e  o f  each  o f  t h e  t h r e e  Fucus s p e c i e s  were u s e d .
R e l a t i v e  d e h y d r a t io n  r a t e s  w ere  much lo w e r  t h a n  i n  t h e  s u s p e n d e d  s a m p l e s , 
as e x p e c t e d .  The p a t t e r n ,  h o w e v e r ,  was r o u g h ly  t h e  same a s  t h a t  shown 
i n  F ig u r e  IT .  B la d e s  o f  Fucus ( 3 .4  -  1^.4 mm^/jng) d r i e d  a b o u t  as f a s t  
as  s m a l l  Fucus s t i p e s  ( l l  -  19 mm^/rng) and A scophy llum  f ro n d s  ( l 4  -  23 
mm^/mg). P e l v e t i a  sam p les  a g a in  d r i e d  c o n s i d e r a b l y  f a s t e r  t h a n  Fucus 
b l a d e s  o f  a  s i m i l a r  s u r f a c e  t o  mass r a t i o ,  owing p a r t l y  t o  t h e  v e ry  
s m a l l  s i z e  o f  t h e  P e l v e t i a  segm en ts  com pared t o  t h e  Fucus s e g m e n ts ,  and 
p a r t l y  t o  t h e  d i f f e r e n c e  i n  s h a p e .
S t i p e s  o f  t h e  t h r e e  s p e c i e s  o f  Fucus showed v e ry  s i m i l a r  r a t e s  o f  
d e s i c c a t i o n ,  and  t h e  p ro n o u n c e d  d i f f e r e n c e  b e tw e e n  s t i p e s  and b l a d e s  
was o b s e r v e d  i n  e a ch  s p e c i e s .  B la d e s  o f  F . s p i r a l i s  d r i e d  s l i g h t l y  
more s lo w ly  t h a n  t h o s e  o f  F. s e r r a t u s  i n  t h e  d e t e r m i n a t i o n  w i t h  sam ples  
l y i n g  on a f l a t  s u r f a c e ,  b u t  t h i s  d i f f e r e n c e  was r e v e r s e d  i n  t h e  o t h e r  
d e t e r m i n a t i o n ,  and  t h e  e v a p o r a t i o n  f l u x e s  from  t h e  two s p e c i e s  w ere  
e q u a l  i n  t h e  S t a n to n  b a l a n c e  s y s te m  ( S e c t i o n  3 . 3 . 1 ) .  From t h e s e  
r e s u l t s ,  one can  c o n c lu d e  t h a t  F. s p i r a l i s  h a s  no g r e a t e r  i n t r i n s i c  
a b i l i t y  t o  r e t a r d  t i s s u e  w a t e r  l o s s  t h a n  t h e  o t h e r  two Fucus s p e c i e s .
I n  o r d e r  t o  d e te r m in e  w h e th e r  o r  n o t  t h e  d i f f e r e n c e  b e tw e e n  s t i p e  
and  b l a d e  i s  p e c u l i a r  t o  t h e  i n t e r t i d a l  genus F u c u s , r e l a t i v e  d e h y d r a t io n  
r a t e s  w ere  m easu red  i n  n i n e  s t i p e  sam ples  and n in e  b l a d e  sam p les  o f  t h e  
s u b l i t t o r a l  f r i n g e  i n h a b i t a n t  L a m in a r ia  d i g i t a t a . The r e s u l t s  show 
t h e  same p a t t e r n  as d i d  b l a d e s  and  s t i p e s  o f  Fucus (F ig u r e  l 8 )  and  t h e  
d i f f e r e n c e  b e tw e e n  t h e  r e g r e s s i o n s  o f  r  upon s u r f a c e  t o  mass f o r  
s t i p e  and  b l a d e  i s  s i g n i f i c a n t  a t  t h e  0.1% l e v e l .  A lso  t h e  a c t u a l  
d e s i c c a t i o n  r a t e s  o f  L a m in a r ia  t i s s u e s  a r e  r o u g h ly  s i m i l a r  t o  t h o s e  o f  
f u c o i d s .  S in c e  a d a p t a t i o n  t o  d ro u g h t  w ou ld  n o t  be  e x p e c t e d  i n  t h e  
b l a d e s  o f  t h i s  s u b l i t t o r a l  f r i n g e  s p e c i e s ,  t h e s e  d a t a  s t r o n g l y  s u g g e s t  
t h a t  t h e  f l a t  expanded  b l a d e  sh a p e  i t s e l f  c r e a t e s  a  l e s s  s t e e p  w a t e r  
v a p o u r  d i f f u s i o n  g r a d i e n t  w hich  com pensa te s  f o r  t h e  h i ^  s u r f a c e  t o  
volume r a t i o  o f  b l a d e s .
The e f f e c t s  o f  b o t h  t o t a l  a r e a  and  sh a p e  upon d e s i c c a t i o n  r a t e s  
can  be  u n d e r s to o d  by ex a m in in g  w hat h a ppens  t o  w a te r  m o le c u le s  e v a p o r a t i n g  
from  t h e  f l a t  s u r f a c e  o f  t h e  b l a d e  and  from  t h e  e d g e .  C o l l i s i o n s
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F i g u r e  l 8 .  R e l a t i o n s h i p  b e tw e e n  r e l a t i v e  d e h y d r a t i o n  r a t e  and
s u r f a c e  t o  mass r a t i o  i n  s t i p e s  (o )  a n d  b l a d e s  ( e )  o f  
La m i n a r i a  d i g i t a t a . R e g r e s s i o n  l i n e s :
b l a d e s :  r  = O . l lU  ( s u r f . ' / m a s s  r a t i o )  + 0 .0 7 ^  
s t i p e s ;  r  ~ O .9I I  ( s u r f . / m a s s  r a t i o )  - 0 . 1 9 6
The d i f f e r e n c e  b e tw e e n  t h e  r e g r e s s i o n  c o e f f i c i e n t s  f o r  
b l a d e s  an d  s t i p e s  i s  h i g h l y  s i g n i f i c a n t  ( t  -  1 3 . 9 ,  P< 0 .0 0 1 )
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b e tw e e n  e v a p o r a t i n g  m o le c u le s  may d e f l e c t  some m o le c u le s  b a c k  to w a rd s  
t h e  e v a p o r a t i n g  s u r f a c e  an d  t h u s  h i n d e r  t h e i r  u l t i m a t e  e s c a p e .  Such 
c o l l i s i o n s  a r e  much more f r e q u e n t  o v e r  a  f l a t  s u r f a c e  t h a n  o v e r  a  
s h a r p l y  c u rv e d  s u r f a c e  su c h  a s  t h e  b l a d e  edge o r  t h e  s t i p e  ( F ig u r e  1 9 ) .  
Thus f l a t  s u r f a c e s  s e t  up l e s s  s t e e p  v a p o u r  g r a d i e n t s  b e tw e e n  th e m s e lv e s  
and  t h e  s u r r o u n d i n g  a tm o sp h e re  t h a n  do t h e  e d g e s , and h e n c e  l o s e  w a t e r  
more s lo w ly .  The l a r g e r  p l a n t s  p r e s e n t  l e s s  t o t a l  edge r e l a t i v e  t o  
f l a t  s u r f a c e ,  and  t h e r e f o r e  d ry  o u t  more s lo w ly .
A s l e n d e r  s t i p e ,  w i t h  no f l a t  s u r f a c e s  i s  i n  e f f e c t  " a l l  edge"  and  
t h i s  may e x p l a i n  why t h e s e  s t i p e s  d ry  o u t  as f a s t  a s  b l a d e  sa m p le s  w h ich  
h a v e  t h r e e  t im e s  as  much s u r f a c e  p e r  u n i t  m ass .  The i n s i d e  o f  t h e  
c h a n n e l  o f  P e l v e t i a  form s a v e ry  e f f e c t i v e  w a t e r  v a p o u r  t r a p ,  w h i l e  t h e  
o u t s i d e  s u r f a c e ,  b e i n g  s t r o n g l y  c u rv e d  l i k e  a  s t i p e  s u r f a c e ,  m ust l o s e  
w a t e r  a t  a  h ig h  f l u x  r a t e  ( F ig u r e  1 9 ) .  As a  r e s u l t ,  t h e  c h a n n e l  i s  
more e f f e c t i v e  t h a n  a  s t i p e  b u t  l e s s  so  t h a n  a  b l a d e  i n  r e t a r d i n g  w a t e r  
l o s s .
3 . 3 . 6  V u l n e r a b i l i t y  t o  d e s i c c a t i o n  i n  n a t u r e ;  r o l e  o f  h a b i t  o f  
g row th  and  a g g r e g a t i o n
Shape and  s u r f a c e  t o  mass r a t i o  o f  i n d i v i d u a l  axes  o r  b l a d e s  do n o t  
a lo n e  d e te r m in e  how v u l n e r a b l e  t o  t i s s u e  d e s i c c a t i o n  t h e  d i f f e r e n t  
f u c o i d  s p e c i e s  a r e  i n  n a t u r e .  The h a b i t  o f  grow th  o f  t h e  i n d i v i d u a l  
p l a n t  and  t h e  d e g re e  o f  a g g r e g a t i o n  o f  t h e  i n d i v i d u a l s  i n t o  g roups  o r  
e x te n d e d  s t a n d s  may p l a y  a  c r i t i c a l  r o l e  i n  p r o t e c t i n g  a t  l e a s t  some 
i n d i v i d u a l s  from  d r y in g .  The c e n t r e  o f  a  b u s h y ,  much b r a n c h e d  p l a n t  
w i l l  re m a in  m o is t  l o n g  a f t e r  a  l i t t l e - b r a n c h e d  p l a n t  becomes a i r - d r y ,  
even i f  t h e  two p l a n t s  a r e  e q u a l  i n  s u r f a c e  t o  mass r a t i o  and  
d e s i c c a t i o n  r a t e .  A lso  an  e x t e n d e d ,  d e n s e ly  p a c k e d  s t a n d  o f  a lg a e  
c o v e r in g  t h e  s u b s t r a tv )A to  a  d e p th  o f  s e v e r a l  c e n t i m e t r e s  w i l l  become 
d ry  v e ry  s lo w ly  even  i f  t h e  i n d i v i d u a l  p l a n t s  a r e  composed o f  u n i s e r i a t e  
f i l a m e n t s  w i th  no c u t i c l e  o r  o t h e r  d e fe n c e  a g a i n s t  t i s s u e  w a t e r  l o s s .
The d e g re e  o f  a g g r e g a t i o n  i n  n a t u r a l  p o p u l a t i o n s  o f  f u c o i d s  i s  v e ry  
v a r i a b l e .  A l l  t h r e e  g e n e r a  o f  f u c o id s  have  b e e n  o b s e rv e d  t o  o c c u r  
as i s o l a t e d  j u v e n i l e  o r  a d u l t  p l a n t s ,  s m a l l  g roups  o r  c lu m p s ,  and  i n  
e x t e n s i v e  s t a n d s  o f  m a tu re  p l a n t s  c o m p le te ly  c o v e r i n g  t h e  s u b s t r a t e .
blade
s t i p e
c h a n n e l
F i g u r e  19 . D iag ram m atic  i l l u s t r a t i o n  o f  e v a p o r a t i o n  f ro m  b l a d e  and  s t i p e  
o f  Fucus and  c h a n n e l l e d  t h a l l u s  o f  P e l v e t i a . ,  s h o v in g  l o v e r  
f r e q u e n c y  o f  c o l l i s i o n s  b e tw e en  m o le c u le s  e v a p o r a t i n g  f ro m  a 
c o n v e x ly  c u rv e d  su r 'f a c e  t h a n  from  a p l a n e  o r  c o n c av e  s u r f a c e .
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N ear  and  above MHWN, c o u n t l e s s  t h o u s a n d s  o f  j u v e n i l e  P e l v e t i a  and 
Fucus s p i r a l i s  p l a n t s  one t o  t h i r t y  m i l l i m e t r e s  l o n g  a p p e a r  a n n u a l l y  
i n  l a r g e  p a t c h e s  c o m p le te ly  c o v e r i n g  t h e  r o c k .
I n  t h e  c a s e  o f  t h e  i s o l a t e d  j u v e n i l e  p l a n t  w h ich  h a s  n o t  y e t  
b r a n c h e d  enough f o r  t h e  b r a n c h e s  t o  o v e r l a p ,  r a t e  o f  t i s s u e  d e h y d r a t io n  
w i l l  b e  d e te r m in e d  by  s u r f a c e  t o  mass r a t i o  and  t h a l l u s  s h a p e ,  and  
t h e  r e s u l t s  o f  t h e  p r e c e d in g  s e c t i o n s  become d i r e c t l y  r e l e v a n t .  L a y in g  
t h e  sam p les  on t h e  b e n c h  t o p  r o u g h ly  a p p ro x im a te s  t h e  p o s i t i o n  i n  w hich  
t h e  p l a n t  l i e s  on t h e  s h o r e  a t  low t i d e ,  and  t h e  r e s u l t s  o f  t h e  d e t e r ­
m in a t io n  done w i th  t h e  sam p les  i n  t h i s  p o s i t o n  g e n e r a l l y  c o n f i r m e d  t h o s e  
o b t a i n e d  w i t h  t h e  sam p les  s u s p e n d e d .  S in c e  t h e  P e l v e t i a  sh a p e  was 
shown by  b o th  m ethods t o  b e  somewhat l e s s  a d v a n ta g e o u s  i n  r e t a r d i n g  
e v a p o r a t i o n  t h a n  t h e  Fucus b l a d e ,  and  t h e  s u r f a c e  t o  mass r a t i o  was 
o n ly  s l i g h t l y  lo w e r  i n  v e r y  s m a l l  P e l v e t i a  t h a n  i n  Fucus o f  t h e  same 
w e i g h t ,  t h e  i s o l a t e d  j u v e n i l e  P e l v e t i a  w ould  n o t  b e  e x p e c t e d  t o  d ry  
more s lo w ly  i n  n a t u r e  t h a n  t h e  i s o l a t e d  j u v e n i l e  F u c u s . I n  f a c t  
such  P e l v e t i a  p l a n t s  a r e  o f t e n  fo u n d  i n  a  b r i t t l e  d ry  c o n d i t i o n  a t  low  
t i d e  ( p e r s o n a l  o b s e r v a t i o n ) .
I n  t h e  i s o l a t e d  a d u l t  p l a n t ,  h a b i t  o f  g row th  w i l l  d e te r m in e  t h e  
d e g re e  t o  w hich  t h e  p l a n t ' s  b r a n c h e s  m u tu a l ly  p r o t e c t  each  o t h e r  from  
t h e  d r y in g  a tm o s p h e re .  The b u s h y ,  p r o f u s e l y  b r a n c h e d  g row th  fo rm  o f  
P e l v e t i a  c o n t r a s t s  w i t h  t h e  more open  grow th  fo rm  o f  t h e  f l a t - b l a d e d  
Fucus s p e c i e s ,  and  h a s  b e e n  c i t e d  by  I s a a c  (1933) as  an  a d a p t a t i o n  f o r  
c o n s e r v i n g  w a t e r .  I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  d i f f e r e n c e  i n  
t h e  g row th  form  o f  t h e  two g e n e r a  was q u a n t i f i e d  by  m e a s u r in g ,  w e ig h in g  
and  a s s e s s i n g  m u tu a l  p r o t e c t i o n  by  t h e  b r a n c h e s  i n  l 60 p l a n t s  o f  
P e l v e t i a  and  200 o f  Fucus s p i r a l i s  . P l a n t s  o f  a  w id e  ra n g e  o f  s i z e s  
(5 t o  167  mm i n  l e n g t h )  w ere  c o l l e c t e d ,  and  c a re  was t a k e n  t o  s e l e c t  
c o m p le te  t h a l l i  i n c l u d i n g  t h e  h o l d f a s t s .  M utua l p r o t e c t i o n  by  t h e  
b r a n c h e s  was a s s e s s e d  by  l a y i n g  t h e  p l a n t  on a  f l a t  s u r f a c e  and  v ie w in g  
i t  f rom  a b o v e .  The d e g re e  o f  b r a n c h  o v e r l a p  was a s s e s s e d  s u b j e c t i v e l y  
on t h e  f o l l o w i n g  s c a l e :
0 = no b r a n c h e s  l y i n g  d i r e c t l y  above o r  b e lo w  o t h e r  b ranches*
1 = p a r t s  o f  some b r a n c h e s  l y i n g  d i r e c t l y  b e lo w  o r  above o t h e r s  ,
such  o v e r l a p  i n v o l v i n g  l e s s  t h a n  one q u a r t e r  o f  t o t a l  t h a l l u s  
a r e a .
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2 = one q u a r t e r  t o  one h a l f  o f  t h e  t h a l l u s  a r e a  l y i n g  h e lo w
o r  above o t h e r  b r a n c h e s .
3 = o v e r  one h a l f  o f  t h e  t h a l l u s  a r e a  l y i n g  b e lo w  o r  above
o t h e r  b r a n c h e s  .
The d a t a  f o r  each  s p e c i e s  was d i v i d e d  i n t o  f o u r t e e n  c l a s s e s  
a c c o r d in g  t o  l e n g t h ,  and  t h e  mean w e i ^ t  and  mean b r a n c h  o v e r l a p  v a lu e  
w ere  c a l c u l a t e d  f o r  each  l e n g t h  c l a s s .  I n  a l l  t h e  l e n g t h  c l a s s e s ,  
P e l v e t i a  was a b o u t  tw i c e  as h e a v y  as Fucus s p i r a l i s  b e c a u s e  o f  i t s  much 
more p r o f u s e  b r a n c h i n g  (T a b le  l O ) .  The d i f f e r e n c e s  b e tw e e n  t h e  sam ple  
means w ere  s i g n i f i c a n t  a t  t h e  5% l e v e l  by  t h e  t - t e s t  f o r  a l l  e x c e p t  t h e  
70- 99*5 mm l e n g t h  c l a s s .  O v e r la p  o f  b r a n c h e s  i s  a l s o  c o n s i s t e n t l y  more 
m arked  i n  P e l v e t i a  t h a n  i n  Fucus s p i r a l i s , w h ich  o f t e n  does n o t  fo rm  i t s  
f i r s t  d icho tom y u n t i l  i t  i s  o v e r  50 mm i n  l e n g t h .
The more "bushy"  h a b i t  o f  g row th  o f  P e l v e t i a  c o u ld  c o n f e r  a  
c o n s i d e r a b l e  a d v a n ta g e  i n  w a t e r  c o n s e r v a t i o n ,  p a r t i c u l a r l y  i n  p l a n t s  
o v e r  60  mm i n  l e n g t h ,  i n  w hich  b r a n c h  o v e r l a p  i s  q u i t e  e x t e n s i v e .
However, P e l v e t i a  t a k e s  a  l o n g e r  t im e  t o  a t t a i n  a  g iv e n  l e n g t h  t h a n  
does 2 '  s p i r a l i s . P e l v e t i a  r e q u i r e s  t h r e e  t o  f o u r  y e a r s  t o  become 
m a tu re  and  f e r t i l e  (Subrahm anyan I 9 6 0 ) by  w hich  t im e  i t  i s  80 t o  I 80 mm 
l o n g ,  w h i l e  Fucus s p i r a l i s  grows t o  a  l a r g e r  s i z e  (1 5 0 -3 5 0  mm) a t  
m a t u r i t y  a t  an age o f  two t o  f o u r  y e a r s . F. v e s i c u l o s u s  a nd F. s e r r a t u s  
become m a tu re  and  r e a c h  a l e n g t h  o f  UOO t o  1000 mm i n  a  s i m i l a r  t im e  
p e r i o d .  At t h e s e  l e n g t h s , t h e  Fucus s p e c i e s  u s u a l l y  h a v e  many o v e r ­
l a p p i n g  b r a n c h e s  an d  may b e  as "b u sh y "  as  an  a d u l t  P e l v e t i a . T h e r e f o r e ,  
w h i l e  i s o l a t e d  a d u l t  P e l v e t i a  a r e  much b e t t e r  p r o t e c t e d  a g a i n s t  r a p i d  
d r y in g  t h a n  Fucus o f  t h e  same s i z e ,  t h e y  a r e  n o t  n e c e s s a r i l y  b e t t e r  
p r o t e c t e d  t h a n  Fucus o f  t h e  same a g e .  A lso  t h e  young  P e l v e t i a  p l a n t  
does n o t  d e v e lo p  an  e f f e c t i v e  d e g re e  o f  " b u s h i n e s s "  r a p i d l y .  The 
g e rm l in g  r e q u i r e s  a b o u t  I 8 months t o  r e a c h  a  l e n g t h  o f  30 mm a t  w h ich  
p o i n t  b r a n c h  o v e r l a p  i s  s t i l l  r a t h e r  s l i g h t .  T h e r e f o r e ,  a  P e l v e t i a  
germ ling . g row ing  i n  an  i s o l a t e d  p o s i t i o n  on t h e  s h o r e  i s  v u l n e r a b l e  t o  
r a p i d  d r y in g  t h r o u ^ o u t  a t  l e a s t  one e n t i r e  summer b e f o r e  i t  becomes 
"bushy"  e n o u ^  f o r  s e l f - p r o t e c t i o n  to '  become e f f e c t i v e .
R a te  o f  d e h y d r a t io n  i n  a  l a r g e  clump o r  c o n t in u o u s  s t a n d  o f  seaw eeds
T ab le  1 0 ; Mean ± s t a n d a r d  d e v i a t i o n  o f  w e i ^ t , and  mean
b r a n c h  o v e r l a p  v a lu e  o f  P e l v e t i a  and  2* s p i r a l i s  
i n  f o u r t e e n  l e n g t h  c l a s s e s .
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P e l v e t i a Fucus s p i r a l i s
Length Mean b ra n c h Mean b r a n c h
c l a s s n w e i g h t , mg o v e r l a p n w e ig h t , mg p v e r la ]
5 -  9 ‘ 5mm l 4 9 . 4 ± 5 .4 0 .1 11 4 .6 ± 1 . 8 0
10 -  l U . 5mm 11 2 7 .3 ± 1 1 .3 0 .4 13 1 1 .8 ± 3 .4 0
15 -  19 * 5mm 17 5 9 .0 ± 3 3 .5 0 .6 9 2 1 .1 ± 4 .4 0
20 -  2 ^ . 5mm 17 102 ± 48 1 . 2 8 45 ± 15 0
25 -  2 9 . 5mm 10 145 ± 48 1 . 0 20 63 ± 17 0
30 “  3 4 . 5mm 12 192 ± 85 1 .2 12 85 ± 18 0
35 -  3 9 . 5mm 17 215 ± 61 1 .4 16 114 ± 23 0
40 -  4 4 . 5mm 13 350 ± 104 1 . 5 15 171 ± 42 0 .1
45 -  4 9 . 5mm 7 487 ± 166 1 .8 11 184 ± 22 0
50 -  5 9 . 5mm 15 6o4 ± 266 1 . 9 18 300 ± 58 0 .3
60 -  6 9 . 5mm 7 998 ± 257 2 .6 21 431 ± 162 0 . 3
70 -  9 9 . 5mm 5 1728 ± 990 2 .0 22 908 ± 402 1 . 0
100 - 1 1 9 . 5mm 9 4251 ± 2366 2 . 7 16 1613 ± 569 1 .2
120 - 1 6 7  mm 6 6241 ± 2874 2 .8 8 2492 ± 596 1 . 1
depends on t h e amount o f  p l a n t s u r f a c e ex p o sed  t o  t h e  a i r  p e r u n i t
b io m ass  5 and  t h e  e v a p o r a t i o n  f l u x  from  t h a t  s u r f a c e .  The
l a b o r a t o r y  e x p e r im e n t s  showed t h a t  f l u x e s '  f rom  s u r f a c e s  o f  P e l v e t i a  
and  Fucus sp p .  a r e  e s s e n t i a l l y  i d e n t i c a l .  T h e r e f o r e ,  t h e  r a p i d i t y  w i th  
w hich  a  c o n t in u o u s  s t a n d  o f  P e l v e t i a  o r  Fucus w i l l  become d ry  t h r o u g h o u t  
d u r in g  low  t i d e  w i l l  depend  upon t h e  q u a n t i t y  o f  seaw eed  p e r  u n i t  s u r f a c e  
a r e a  o f  t h e  s t a n d ,  i . e .  i t s  b io m a ss  d e n s i t y .
Mean b io m a ss  d e n s i t i e s  r e p o r t e d  f o r  P e l v e t i a  a r e  g e n e r a l l y  e q u a l l e d  
o r  e x c e e d e d  b y  t h o s e  o f  Fucus s p p . , and  a re  g r e a t l y  e x c e e d e d  by  v a lu e s  
r e p o r t e d  f o r  A scophy llum  (T a b le  l l ) .  However, t h e s e  v a lu e s  do n o t
6o
n e c e s s a r i l y  r e f l e c t  t h e  e x t e n t  t o  w hich  t h e  d i f f e r e n t  s p e c i e s  a v o id  
d e s i c c a t i o n  th ro u g h  a g g r e g a t i o n .  Two a l g a l  s t a n d s  o f  t h e  same mean 
b iom ass  d e n s i t y  may d i f f e r  i n  t h e  amount o f  s u r f a c e  a r e a  t h e y  e x p o s e .
I f  one s t a n d  c o n s i s t s  o f  a  c o n t in u o u s  100% c o v e r  and  t h e  o t h e r  c o n s i s t s  
o f  d en se  clumps w i th  much u n o c c u p ie d  p r im a ry  s p a c e  b e tw e e n ,  t h e  l a t t e r  
w ould  expose  l e s s  s u r f a c e  t o  t h e  a i r  p e r  u n i t  b io m ass  (T a b le  11) and  
w ou ld  be  e x p e c t e d  t o  become d ry  more s lo w ly .  A c o m p a r iso n  o f  b io m a ss  
d e n s i t y  o f  t h o s e  s t a n d s  o f  t h e  d i f f e r e n t  s p e c i e s  w hich  do c o v e r  100% o f  
t h e  s u b s t r a t e  w ou ld  b e  more i n f o r m a t i v e  t h a n  a  co m p ar iso n  o f  mean b io m ass  
d e n s i t i e s .  However, i f  P e l v e t i a  i s  shown t o  h a v e  t h e  d e n s e s t  100%- 
c o v e r  s t a n d s  t h i s  a lo n e  does n o t  i n d i c a t e  a  more e f f e c t i v e  a g g r e g a t i o n  
s t r a t e g y .  F i r s t l y ,  t h e  r a t e  o f  deve lopm en t o f  t h e s e  s t a n d s  i s  i m p o r t a n t .  
I f  young Fucus p o p u l a t i o n s  more r a p i d l y  a t t a i n  a  b io m a ss  d e n s i t y  a t  w hich
T a b le  1 1 : R e p o r te d  b io m a ss  d e n s i t i e s  o f  i n t e r t i d a l  f u c o i d s ,
and  i n f e r r e d  r a t i o  o f  e x p o sed  s u r f a c e  t o  b io m a s s .
S u r f a c e  e x p o sed  p e r  u n i t  b io m ass  (m^/kg=mm^/mg
S o u rc e
Honey 1966
Subrahm anyah ;
i 960
Moore 
, ( p e r s o n a l  
c ommun i c  a t i o n )
Chapman 19?0
S p e c ie s
P e l v e t i a  
Fucus spp
P e l v e t i a  
F. s p i r a l i s
P e l v e t i a
Fucus spp  
A scophy llum
Biomass d e n s i t y  
kg/m^
4 .2
2 . 1
2 .2  t o  15
4 . 5*
3 t o  8 .8
8 t o  1 8 . 2
Assuming s t a n d  i s  
c o n t in u o u s  (100% 
c o v e r
0 .2 4
0 .4 8
0 .3 3
0 .4 5  t o  0 .0 6 7  
0 .22
0 .3 3  t o  0 .1 1 4
0 .125  t o O .055
Assum ing s t a n d  co n s is t  
o f  d i s c o n t in u o u s  
clum ps c o v e r i n g  50% 
o f  s u b s t r a t u m
0.12
0 .2 4
0.17
0 .2 3  t o  0 .0 3 3
0 . 1 7  t o  0 .0 5 7  
0 .0 6 2  t o  0 .0 2 8
^ mean v a lu e  f o r  s i x t e e n  q u a d r a t s  t a k e n  i n  dense  100% c o v e r  s t a n d s .
m u tu a l  p r o t e c t i o n  i s  e f f e c t i v e  t h a n  do young  P e l v e t i a . t h e n  Fucus- 
may h a v e  t h e  more e f f e c t i v e  a g g r e g a t i o n  s t r a t e g y  even  i f  i t s  m a tu re  
s t a n d s  a r e  u l t i m a t e l y  l e s s  d en se  t h a n  t h o s e  o f  P e l v e t i a . S e c o n d ly ,
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a s p e c i e s  may fo rm  a  d e n se  c o v e r  o n ly  o c c a s i o n a l l y ,  and  more f r e q u e n t l y  
c o v e r  t h e  su b s tra tV ïn w i t h  o n ly  one o r  two l a y e r s  o f  b l a d e s  o r  b r a n c h e s .
I n  t h i s  c a s e ,  t h e  m a j o r i t y  o f  i n d i v i d u a l s  w ould  be  d i r e c t l y  e x p o se d  t o  
t h e  a tm o s p h e re .  T h e r e f o r e  i t  i s  n e c e s s a r y  t o  a s s e s s  t h e  a v e ra g e  d e g re e  
o f  m u tu a l  p r o t e c t i o n  by  a g g r e g a t i o n  as  w e l l  as t h e  maximum d e g re e  
a t t a i n e d  i n  dense  s t a n d s .
At I s l e  o f  Cumbrae, A scophy llum  l i e s  i n  v i s i b l y  d e e p e r  l a y e r s  t h a n  
does P e l v e t i a  a t  low t i d e ,  b u t  t h e  d i f f e r e n c e  b e tw e e n  P e l v e t i a  and  2» 
s p i r a l i s  i s  t o o  s l i g h t  t o  a s s e s s  q u a l i t a t i v e l y .  A p r e l i m i n a r y  
q u a n t i t a t i v e  c o m p a r iso n  o f  t h e  d e n s i t y  o f  t h e s e  t h r e e  s p e c i e s  was drawn 
on a ro c k y  s lo p e  a t  t h e  N o r th  S l i p .  A s e r i e s  o f  t e n  s h o r t  t r a n s e c t s  
w ere  l a i d  o u t  p a r a l l e l  t o  t h e  s l o p e  o f  t h e  s h o r e ,  r u n n in g  th r o u g h  t h e  
P e l v e t i a , F. s p i r a l i s  and  u p p e r  A scophy llum  b e l t s , and  o b s e r v a t i o n s  w ere  
made a t  p o i n t s  a t  10 cm i n t e r v a l s  a lo n g  t h e  t r a n s e c t s .  At each  p o i n t  
a lo n g  f i v e  o f  t h e  t r a n s e c t s ,  t h e  t h i c k n e s s  o f  t h e  a l g a l  c o v e r  was m easu red , 
I n  t h e  o t h e r  f i v e  t r a n s e c t s ,  t h e  number o f  l a y e r s  o f  b r a n c h e s  l y i n g  
d i r e c t l y  be low  each  t r a n s e c t  p o i n t  was c o u n te d .  No d a t a  was t a k e n  f o r  
t h o s e  p o i n t s  a lo n g  t h e  t r a n s e c t  a t  w hich  two o r  more f u c o i d  s p e c i e s  w ere  
p r e s e n t  i n  a  m ixed  s t a n d ,  o r  a t  w hich  t h e r e  was no f u c o i d  c o v e r .
A scophy llum  and  P e l v e t i a  w ere  b o t h  fo u n d  t o  l i e  i n  f a i r l y  d e n s e ly  
p a c k e d  l a y e r s ,  w i th  a  mean o f  a b o u t  f i v e  t h a l l u s  l a y e r s  l y i n g  o v e r  a  
p o i n t  (T a b le  1 2 ) .  However t h e  t h i c k n e s s  o f  t h e  A scophy llum  c o v e r
T ab le  1 2 : Mean ± s t a n d a r d  d e v i a t i o n  o f  t h i c k n e s s  o f  c o v e r  and
number o f  t h a l l u s  l a y e r s  c o v e r in g  a  p o i n t  on t h e  
s h o r e  f o r  A sc o p h y l lu m , s p i r a l i s  and  P e l v e t i a  a t  
t h e  N o r th  S l i p .  n = number o f  o b s e r v a t i o n s ,
n th ic k n e ss , mm n number of th a llu s  lay e rs
Ascophyllum 4 l 38.5 ± 2 0 .9  46 4.8 ± 3 .2
F. s p i r a l i s  4 l I T . 0 ± 1 0 .6  42 2 .7  ± 1 .4
P e lv e tia  43 1 5 -5  ± 1 1 .0  40 5 .0  ± 3 .2
a v e ra g e d  more t h a n  tw i c e  t h a t  o f  e i t h e r  P e l v e t i a  o r  F . s p i r a l i s  b e c a u s e  
t h e  i n d i v i d u a l  f ro n d s  o f  A scophy llum  a r e  much t h i c k e r  t h a n  t h o s e  o f  t h e  
o t h e r  two g e n e ra .  The t h i c k n e s s e s  o f  P e l v e t i a  and F . s p i r a l i s  c o v e rs  
w ere  s i m i l a r ,  b u t  Fucus h a d  s i g n i f i c a n t l y  fe w e r  l a y e r s  o f  b l a d e s  l y i n g
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on t h e  s h o r e .  B ecause  o f  t h e i r  s p i r a l  t w i s t i n g ,  t h e  b l a d e s  o f  F . 
s p i r a l i s  l i e  more l o o s e l y  p a c k e d ,  w i t h  more s p a c e  b e tw e e n  th e m , and  
t h e s e  s p a c e s  c o n t r i b u t e d  t o  t h e  m ea su red  t h i c k n e s s .
From t h i s  p r e l i m i n a r y  a s s e s s m e n t ,  t h e  d e n s i t y  o f  a l g a l  c o v e r  
a p p e a r s  t o  d e c r e a s e  i n  t h e  o r d e r  A scophy llum  > P e l v e t i a  > F. s p i r a l i s . 
However, an  i m p o r t a n t  age d i f f e r e n c e  b e tw e en  t h e  F_" s p i r a l i s  an d  P e l v e t i a  
h a s  a f f e c t e d  t h e  r e s u l t s .  The P e l v e t i a  s t a n d  i n c l u d e d  many m a tu re  
p l a n t s  80-100  mm l o n g  b e a r i n g  r e c e p t a c l e s , w h i l e  t h e  F. s p i r a l i s , 
a l t h o u ^  o f  s i m i l a r  s i z e ,  c o n s i s t e d  a lm o s t  e n t i r e l y  o f  j u v e n i l e  p l a n t s  
w i t h o u t  r e c e p t a c l e s .  T h e r e f o r e ,  a  s e c o n d  c o m p a r iso n  was drawn b e tw e e n  
r e p r o d u c t i v e l y  m a tu re  s t a n d s  o f  t h e s e  two s p e c i e s  g row ing  n e a r  F a r l a n d  
B ig h t  ( F ig u r e  3 ) .  T h ic k n e s s  o f  c o v e r  and  number o f  t h a l l u s  l a y e r s  w ere  
d e te r m in e d  as b e f o r e ,  e x c e p t  t h a t  t h e  t r a n s e c t s  w ere  l a i d  h o r i z o n t a l l y  
th ro u g h  t h e  m id d le  o f  t h e  P e l v e t i a  and  F. s p i r a l i s  z o n e s .  Mean number 
o f  t h a l l u s  l a y e r s  was a b o u t  t h e  same i n  t h e  two s p e c i e s ,  and  t h i c k n e s s  
was a  l i t t l e  g r e a t e r  i n  F. s p i r a l i s  (T a b le  1 3 ) .
T a b le  1 3 : Mean ± s t a n d a r d  d e v i a t i o n  o f  t h i c k n e s s  and
number o f  t h a l l u s  l a y e r s  i n  m a tu re  s t a n d s  o f  
P e l v e t i a  and  F. s p i r a l i s  a t  F a r l a n d  B i g h t ,  
n = number o f  o b s e r v a t i o n s .
n t h i c k n e s s ,  mm n^  num ber o f  t h a l l u s  l a y e r s
F. s p i r a l i s  53 26.4  ± 1 1 .0  4o 4 .7  ± 2 .5
P e l v e t i a  53 21.6 ± 10.8  40 5.0  ± 2 .7
How ever, t h e  r e l a t i o n s h i p  b e tw e e n  t h e  num ber o f  t h a l l u s  l a y e r s  and  
t h e  a c t u a l  b io m a ss  d e n s i t y  m ust b e  known f o r  e a c h  s p e c i e s  b e f o r e  any 
c o n c lu s i o n  can  b e  drawn from  t h e s e  r e s u l t s . T h is  r e l a t i o n s h i p  was 
i n v e s t i g a t e d  i n  d en se  s t a n d s  o f  m a tu re  and  j u v e n i l e  F. s p i r a l i s  and  
P e l v e t i a  a t  P o r t  Boy. T h ree  25 x  25 cm q u a d r a t s  o f  j u v e n i l e  F . 
s p i r a l i s  and  t h r e e  o f  f e r t i l e  P e l v e t i a  w ere  s e l e c t e d .  L a rg e  p a t c h e s  
o f  c o n t in u o u s  100% c o v e r  by  j u v e n i l e  P e l v e t i a  w ere  d i f f i c u l t  t o  f i n d ;
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t h e r e f o r e  f o u r  10 x  10 cm q u a d r a t s  w ere  t a k e n  from  young  s t a n d s  and  
one 25 X 25 cm q u a d r a t  from  a  somewhat o l d e r  h u t  n o t  f e r t i l e  s t a n d .
The q u a d r a t s  o f  f e r t i l e  p l a n t s  w ere  l o c a t e d  i n  t h e  d e n s e s t  s t a n d s  o f  
t h e s e  two s p e c i e s  w h ich  c o u ld  h e  fo u n d  a t  P o r t  Loy. The number o f  
t h a l l u s  l a y e r s  was c o u n te d  u n d e r  t w e n t y - f i v e  p o i n t s  i n  each  o f  t h e  
25 X 25 cm q u a d r a t s  5 and  u n d e r  e i # i t  p o i n t s  f o r  each  10 x 10 cm q u a d r a t .  
Then t h e  t o t a l  f r e s h  w e ig h t ,  o f  t h e  p l a n t s  a t t a c h e d  w i t h i n  e a ch  q u a d r a t  
was t a k e n .  F i n a l l y ,  t h e  l e n g t h s  o f  t h e  t e n  l o n g e s t  p l a n t s  w ere  t a k e n  
t o  o b t a i n  a  rough  i n d e x  o f  t h e  age o f  t h e  s t a n d .
The r e s u l t s  a r e  sum m arised  i n  T a b le  i k .  The e s t i m a t e s  o f  ag es  a r e  
b a s e d  on num erous o b s e r v a t i o n s  o f  g row th  and  deve lopm en t o f  t h e s e  two 
s p e c i e s .  Young F. s p i r a l i s  d e v e lo p s  r a p i d l y ,  g row ing  5 -20  mm/month i n  
c u l t u r e  and  i n  t h e  f i e l d ,  i n  c o n t r a s t  w i t h  P e l v e t i a  w h ich  r a r e l y  e x c ee d s  
10 ram a t  one y e a r  o f  a g e .  The q u a d r a t s  w ere  t a k e n  on 1 Ju n e  1 9 7 6 ,  and  
w h i l e  t h e  young  Fucus p r o b a b l y  grew from  a tjamete r e l e a s e  w h ich  b e g a n  i n  
March 1975 s t h e  young  P e l v e t i a  m ost l i k e l y  a r o s e  f rom  a  tjamate. r e l e a s e  i n  
J u n e -S e p te m b e r  1974.
T a b le  l 4 :  T h ic k n e s s  i n  number o f  t h a l l u s  l a y e r s ,
b io m ass  d e n s i t y ,  and  r a t i o  o f  e x p o sed  
s u r f a c e  a r e a  t o  b io m a ss  i n  j u v e n i l e  and  
m a tu re  p o p u l a t i o n s  o f  P e l v e t i a  and F. s p i r a l i s
P e l v e t i a :
L ength  
o f  t e n  
l a r g e s t  
p l a n t s
P r o b a b le  
age 
o f  s t a n d
Mean
number
o f
t h a l l u s
l a y e r s
R a t io  o f  
e x p o se d  
Biomass s u r f a c e  
d e n s i t y  t o  b io m ass  
kg  f r e s h  w t (m^/kg
-  mm^ ■ J m )
Biomass
d e n s i t y
p e r
t h a l l u s
l a y e r
M ature 150“ 240mm 4 y e a r s 6 . 7 1 0 .2 0 .0 9 8 1 , 5 3
M ature 100 - 170mm 3- 4 y e a r s 5 . 7 9 . 0 0 .1 1 1 1 . 5 8
M ature
L a t e -
120- l 60mm 3- 4 y e a r s 5 .4 8 .6 0 .1 1 6 1 . 5 7
J u v e n i l e 85- I I 5M11 2 -  3 y e a r s 4 .9 5 . 0 0 .2 0 1 . 0 1
J u v e n i l e 40“ 70mm 20-24 months 3 .6 3 .0 0 .3 3 0 . 8 3
J u v e n i l e 55-75mm 20-24 months 4 .0 3 .5 0 .29 0 . 8 0
J u v e n i l e 35“ 45mm 20-24 months 3 .6 3 .0 0.33 0 . 8 3
J u v e n i l e 30-40mm 20-24 months 3 .2 4 .0 0 .2 5 1 . 2 5
r a l i s
M ature 170-275mm 2- 3 y e a r s 5 .4 7 . 2 o . i 4 1 . 3 4
M ature 200- 280mm 2 -  3 y e a r s 4 . 9 1 1 .2 0 ,0 8 9 2 . 2 8
M ature 200-250mm 2- 3 y e a r s 6 .3 1 2 .6 0 .0 7 9 2 .0 1
J u v e n i l e 65-  90mm 15 months 3 .4 2 .6 0 .3 8 0 . 7 6
J u v e n i l e 80-  95mm 15 months 3 .7 2 .9 0 . 3 5 0 .7 8
J u v e n i l e 85~115mm 15 months 3 .4 3 .8 0 . 2 6 1 . 1 1
6 4
The e s t i m a t e  o f  f i f t e e n  m onths f o r  t h e  age o f  t h e  young Fucus s t a n d s  
may h e  somewhat h i g h , as  shown hy  o b s e r v a t i o n s  o f  r e c o l o n i z a t i o n  o f  t h e  
M i l l p o r t  M arine  B i o l o g i c a l  S t a t i o n  b o a t  s l i p .  The b o a t  s l i p  was c l e a r e d  
o f  m a c ro a lg a e  i n  F e b r u a r y  1 9 7 4 ,  and  F . s p i r a l i s  zyij/jtes s e t t l e d  on t h e  
u p p e r  p a r t  i n  Ju n e  o f  t h a t  y e a r .  The l o n g e s t  F . s p i r a l i s  p l a n t s  
r e a c h e d  a  l e n g t h  o f  92 -176  mm by  J u l y  1 9 7 5 ,  a t  an age o f  13 months 
( J . J . P .  C lo k ie  p e r s o n a l  c o m m u n ic a t io n ) .
C o n s id e r a b l e  m u tu a l  p r o t e c t i o n  th r o u g h  a g g r e g a t i o n  was a p p a r e n t  i n  
a l l  s t a n d s  o f  b o th  s p e c i e s .  The r a t i o  o f  e x p o se d  s u r f a c e  t o  b io m a ss  
i n  t h e  j u v e n i l e  s t a n d s  was l e s s  t h a n  one t e n t h  as g r e a t  as  i n  t h e  
su s p e n d e d  i n d i v i d u a l  p l a n t s  ( c o n ^ a re  T a b le s  l 4  and  7 ) ,  and t h e r e f o r e  
l e s s  t h a n  one f i f t h  a s  g r e a t  as t h a t  o f  i n d i v i d u a l  p l a n t s  l y i n g  on a 
f l a t  s u r f a c e .
The b io m ass  d e n s i t y  and  t h e  number o f  t h a l l u s  l a y e r s  o f  t h e  20 -24  
month o l d  s t a n d s  o f  P e l v e t i a  w ere  v e ry  s i m i l a r  t o  t h o s e  o f  t h e  15 month 
o l d  F. s p i r a l i s  s t a n d s .  The f e r t i l e  s t a n d s  o f  t h e  two s p e c i e s  w ere  
a l s o  r o u g h ly  e q u a l  i n  t h e s e  two p a r a m e t e r s .  The f e r t i l e  P e l v e t i a  
q u a d r a t s  c o n t a i n e d  some o f  t h e  l a r g e s t  P e l v e t i a  p l a n t s  I  h av e  o b s e rv e d  
a t  I s l e  o f  Cumbrae, and  t h e i r  b io m a s s  d e n s i t y  e x c e e d e d  t h o s e  fo u n d  by  
Subrahmanyan ( i 9 6 0 ) and  0 . Moore ( p e r s o n a l  c o m m u n ic a t io n ) .  Thus t h e y  
p r o b a b ly  r e p r e s e n t  a  maximal d e n s i t y  o f  s t a n d  f o r  t h i s  s p e c i e s .
The q u a d r a t s  c o n t a i n i n g  f e r t i l e  F. s p i r a l i s  d i d  n o t  i n c l u d e  t h e  
l a r g e s t  i n d i v i d u a l s  o f  2» s p i r a l i s  o b s e rv e d  a t  P o r t  Loy, w here  
spec im ens  up t o  6 OO mm lo n g  h a v e  b e e n  fo u n d .  The q u a d r a t s  y i e l d e d  
b io m a ss  d e n s i t i e s  w i t h i n  t h e  r a n g e  g iv e n  by  Subrahmanyan (1 9 6 1 ) and  
may n o t  r e p r e s e n t  t h e  maximum a t t a i n e d  b y  t h i s  s p e c i e s .  T h e r e f o r e ,  
t h e  maximum d e n s i t y  i n  P e l v e t i a  s t a n d s  i s  a t  m ost e q u a l  t o  t h a t  i n  
Fucus s p i r a l i s  s t a n d s , and  m u tu a l  p r o t e c t i o n  from  d e s i c c a t i o n  i s  no 
g r e a t e r  i n  c o n t in u o u s  s t a n d s  o f  P e l v e t i a  t h a n  i n  t h o s e  o f  F. s p i r a l i s . 
A lso  s i n c e  t h e  f i f t e e n  month o l d  s t a n d s  o f  Fucus h a d  n e a r l y  as  h i ^  a  
b io m a ss  d e n s i t y  as  d i d  t h e  2 0 -2 4  month o l d  s t a n d s  o f  P e l v e t i a , i t  i s  
c l e a r  t h a t  young  F. s p i r a l i s  r e a c h  a " r e f u g e  i n  h i ^  d e n s i t y "  more 
r a p i d l y  t h a n  young P e l v e t i a .
The b io m a ss  p e r  t h a l l u s  l a y e r  was g r e a t e r  i n  a d u l t  s t a n d s  t h a n  
i n  j u v e n i l e  s t a n d s ,  b u t  was s i m i l a r  i n  a d u l t s  o f  t h e  two s p e c i e s ,  and
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i n  j u v e n i l e s  o f  b o t h  s p e c i e s .  T h e r e f o r e ,  t h e  num ber o f  t h a l l u s
l a y e r s  c o n s t i t u t e s  a  v a l i d  b a s i s  o f  c o m p a r iso n  f o r  t h e  d e n s i t i e s  o f  
F . s p i r a l i s  and  P e l v e t i a  a l t h o u g h  i t  i s  l e s s  p r e c i s e  t h a n  b io m a s s .
The a v e ra g e  d e g re e  o f  m u tu a l  p r o t e c t i o n  t h r o u ^  b u s h in e s s  and 
a g g r e g a t i o n  was a s s e s s e d  b y  r u n n in g  a  s e r i e s  o f  t r a n s e c t s  t h r o u g h  t h e  
P e l v e t i a  and  F. s p i r a l i s  b a n d s  , i n c l u d i n g  b o t h  m a tu re  and  young  p l a n t s  , 
and  a r e a s  o f  dense  and  t h i n  c o v e r .  At f i v e  c e n t i m e t r e  i n t e r v a l s ,  t h e  
number o f  t h a l l u s  l a y e r s  was c o u n te d  as b e f o r e .  T r a n s e c t  p o i n t s  
o v e r  b a r e  r o c k  and o v e r  m ixed  Fucus and P e l v e t i a  w ere  e x c lu d e d .
S e v e r a l  t r a n s e c t s  w ere  t a k e n  b e tw e e n  F a r l a n d  P o i n t  and  P o r t  L oy , and
s e v e r a l  more a t  t h e  N o r th  S l i p  ( s e e  F ig u re  3 ) .  The
mean number o f  t h a l l u s  l a y e r s  was c a l c u l a t e d  f o r  each  s p e c i e s  a t  each
s i t e ,  and  t h e  f r e q u e n c y  w i th  w h ic h  o n ly  one o r  two l a y e r s  o c c u r r e d  was
n o t e d .
There  was no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  b e tw e e n  P e l v e t i a  
and  2 n  s p i r a l i s  i n  mean number o f  t h a l l u s  l a y e r s  a t  e i t h e r  s i t e  (T a b le  
1 5 ) ,  w hich  s u p p o r t s  t h e  c o n c lu s i o n  drawn from  t h e  b io m a ss  m ea su rem e n ts .  
One o r  two t h a l l u s  l a y e r s  o c c u r r e d  a b o u t  as o f t e n  i n  P e l v e t i a  as  i n  
F . s p i r a l i s , i n d i c a t i n g  t h a t  a  s i m i l a r  p e r c e n t a g e  o f  f ro n d s  o f  each  
s p e c i e s  l i e s  d i r e c t l y  e x p o se d  t o  t h e  d r y in g  a tm o sp h e re  w i th  l i t t l e  o r  
no p r o t e c t i o n  f rom  o t h e r  f r o n d s .
T a b le  15 : Number o f  t h a l l u s  l a y e r s  i n  P e l v e t i a  and
F. s p i r a l i s  a t  two s h o re s  on I s l e  o f  Cumbrae
N o r th  S l i p  F a r l a n d  P o i n t
P e l v e t i a  2* s p i r a l i s  P e l v e t i a  2* s p i r a l i s
number o f
o b s e r v a t i o n s  80 105  51 TO
number o f  
o b s e r v a t i o n s  w i t h :
one l a y e r :  i k  (1 7 - 5%) I 6 (15.2%) 10 (19.6% ) I 6 (22.1%)
two l a y e r s :  l 4  ( l7 .5 % )  11 (10.5%) 13 (25.5% ) 13 ( l8 .6 % )
t h r e e  o r
more l a y e r s :  52 ( 6 5 , 0%) 78 (74.3%) 28 (54.9% ) 4 l  ( 5 8 . 5%)
Number o f  t h a l l i : ^
l a y e r s ;  4 .2 2  ± 2 .8 6  4 .1 5  ± 2 .2 4  3 .0 8  ± I .76  3 .8 0  ± 2 .4 8
(Mean ± s t a n d a r d  
d e v i a t i o n )
66
The t o p  l a y e r  o f  b l a d e s  o r  b r a n c h e s  i n  any s t a n d ,  no m a t t e r  how- 
t h i c k ,  i s  d i r e c t l y  e x p o s e d  t o  t h e  a tm o s p h e re ,  and m ust b e  c o n s i d e r e d  
v u l n e r a b l e  t o  damage d u r in g  h o t  d ry  w e a th e r .  T h is  u p p e rm o s t  l a y e r  
may b e  composed e i t h e r  o f  t h e  t i p s  o f  t h e  l o n g e s t  b r a n c h e s  o f  mary 
p l a n t s , o r  o f  a  few l a r g e  p l a n t s  w hich  l i e  o v e r  and  c o m p le te ly  p r o t e c t  
a  l a r g e  number o f  s m a l l e r  p l a n t s .  O b s e r v a t io n s  o f  t h e  f u c o i d s  on t h e  
s h o r e  r e v e a l e d  an i n t e r m e d i a t e  s i t u a t i o n ,  w i th  t h e  t o p  l a y e r  c o n s i s t i n g  
o f  t h e  u p p e r  p o r t i o n s  o f  t h e  l a r g e r  p l a n t s , and a  few b r a n c h  t i p s  o f  
s m a l l e r  o n e s .  Fucus p l a n t s  t e n d  t o  l i e  o v e r  one a n o th e r  t o  a  somewhat 
g r e a t e r  e x t e n t  t h a n  P e l v e t i a , and t h e r e f o r e  Fucus s t a n d s  i n c l u d e  more 
c o z rp le te ly  ex p o sed  ' t o p '  p l a n t s  and  more t h o r o u g h l y  p r o t e c t e d  s m a l l e r  
p l a n t s ,
I n  e i t h e r  c a s e ,  d e s t r u c t i o n  and  rem ova l  o f  t h e  t o p  l a y e r  w i l l  
e x p o se  t h e  n e x t  l a y e r ,  and  a  l o n g  e n o u ^  s e r i e s  o f  s e v e r e  d ro u g h t  
s t r e s s e s  d u r in g  s u c c e s s i v e  low t i d e s  w i l l  d e s t r o y  t h e  s t a n d  a l t o g e t h e r .  
However, s e v e r e l y  d ro u g h t-d a m a g e d  b l a d e s  a r e  o f t e n  o b s e rv e d  t o  p e r s i s t  
f o r  s e v e r a l  w e e k s ,  and even  t o  r e g e n e r a t e  and  resum e g ro w th .  T h is  i s  
o b s e r v e d - p a r t i c u l a r l y  f r e q u e n t l y  i n  F. s p i r a l i s  and  t h e  t o p  l a y e r  
c o n t i n u e s  t o  f u n c t i o n  as  a  p r o t e c t i v e  l a y e r  f o r  some t im e  a f t e r  b e i n g  
b a d ly  a f f e c t e d  by  a  h o t  s p e l l .
From t h e s e  o b s e r v a t i o n s  on t h e  t h i c k n e s s  and  l a y e r i n g  o f  f u c o i d  
s t a n d s , i t  can  b e  c o n c lu d e d  t h a t  t h e  u p s h o re  s p e c i e s  h a v e  n o t  e v o lv e d  
a  g r e a t e r  d e g re e  o f  m u tu a l  p r o t e c t i o n  t h a n  t h e  m id s h o re  f u c o i d s .  I n  
f a c t ,  t h e  com bined p r o t e c t i v e  e f f e c t s  o f  h a b i t  o f  g ro w th ,  a g g r e g a t i o n  
and  b io m a ss  d e n s i t y  o f  m a tu re  s t a n d s  a p p e a r  t o  b e  o f  s i m i l a r  m a g n i tu d e  
i n  P e l v e t i a  and  F. s p i r a l i s , and  c o n s i d e r a b l y  g r e a t e r  i n  A s c o p h y l lu m . 
A l t h o u ^  q u a n t i t a t i v e  d a t a  w ere  n o t  o b t a i n e d  f o r  F . v e s i c u l o s u s  and  F . 
s e r r a t u s , t h e s e  a r e  a l s o  l a r g e  p l a n t s ,  and  l i e  i n  v i s i b l y  t h i c k e r  l a y e r s  
t h a n  t h e  u p s h o re  f u c o i d s ,  a l t h o u g h  n o t  as t h i c k  as  A sc o p h y l lu m .
3 . 3 . 7  V u l n e r a b i l i t y  t o  d e s i c c a t i o n  i n  n a t u r e :  some o b s e r v a t i o n s
on f i r s t  y e a r  p l a n t s
Most o f  t h e  f i r s t - y e a r  p l a n t s  o f  P e l v e t i a  and F. s p i r a l i s  a p p e a r  
a n n u a l l y  i n  l a t e  w i n t e r  as l a r g e  p a t c h e s  o f  d e n s e ly  p a c k e d  q e r m l in g s
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n e a r  and above MHWN, a s  shown i n  P l a t e  8 . The t i n y  p l a n t s  i n  t h e s e  
p a tc h e s  d ry  much more s lo w ly  t h a n  i s o l a t e d  p l a n t s  o f  a  s i m i l a r  s i z e ,  
and  t h e r e f o r e  employ a  s t r a t e g y  o f  m u tu a l  p r o t e c t i o n .  T h is  i s  n o t  
o b s e r v e d  i n  m id sh o re  f u c o i d  ^ e r m l i n g s  w hich  o f t e n  a p p e a r  s i n g l y  o r  i n  
s m a l l  g ro u p s  ( P l a t e  9)* S in c e  t h e  crow ded p a t c h e s  o f  t i n y  f u c o i d s  
h av e  a  much s m a l l e r  b io m a ss  d e n s i t y  t h a n  m a tu re  s t a n d s ,  t h e y  w ou ld  be  
e x p e c t e d  t o  d ry  o u t  much more q u i c k l y  t h a n  t h e  a d u l t  s t a n d s .  How ever, 
t h e  r e v e r s e  i s  o f t e n  o b s e r v e d .  The f i r s t  y e a r  p l a n t s  a r e  o f t e n  fo u n d  
i n  l o c a t i o n s  w here  t h e y  a r e  p a r t l y  p r o t e c t e d  from  t h e  su n  and  w ind  b y  t h e  
a s p e c t  o f  to p o g ra p h y  o f  t h e  r o c k ,  o r  by  n e ig h b o u r in g  clumps o f  a d u l t  
p l a n t s .  T h is  i s  o b s e r v e d  e s p e c i a l l y  i n  P e l v e t i a , whose p a t c h e s  o f  f i r s t  
y e a r  p l a n t s  o f t e n  re m a in  damp l o n g  a f t e r  t h e  t o p  l a y e r s  o f  o l d e r  p l a n t s  
h a v e  become q u i t e  d r y .  The clumps o f  a d u l t  p l a n t s  p r o j e c t  s e v e r a l  
c e n t i m e t r e s  above t h e  s u r f a c e  o f  t h e  r o c k  and  may e f f e c t i v e l y  b r e a k  t h e  
w ind  so  t h a t  p o c k e ts  o f  s t a t i c  hum id  a i r  can  a c c u m u la te  o v e r  t h e  
j u v e n i l e  p l a n t s  t h u s  r e d u c i n g  t h e  v a p o u r  p r e s s u r e  d e f i c i t  i n  t h e i r  v i c i n i t y .
A w e l l  d e v e lo p e d  " t u r f "  o f  f i r s t  y e a r  P e l v e t i a  i s  n e v e r  fou n d  
d i r e c t l y  b e n e a th  l a r g e  p l a n t s  w here  t h e  p r o t e c t i o n  f rom  d r y in g  w ou ld  b e  
f a r  g r e a t e r .  How ever, m ic r o s c o p ic  e x a m in a t io n  o f  s c r a p i n g s  t a k e n  from  
t h e  r o c k  d i r e c t l y  b e n e a t h  t h e  d i s t a l  p o r t i o n s  o f  su c h  l a r g e  P e l v e t i a  
r e v e a l e d  n u m e ro u s , d a r k - c o l o u r e d  P e l v e t i a  embryos 200 t o  600 pm lo n g .
S in c e  t h e s e  s c r a p i n g s  w ere  t a k e n  i n  May and  P e l v e t i a  a r e  r e l e a s e d
b e tw e e n  Ju n e  and  S e p te m b e r ,  t h e s e  embryos h a d  p e r s i s t e d  and  grown v e ry  
s lo w ly  b e n e a t h  t h e  a d u l t  p l a n t s  f o r  a t  l e a s t  e i ^ t  m o n th s . T h e i r  s low  
g row th  may b e  r e l a t e d  t o  t h e  r e d u c e d  a v a i l a b i l i t y  o f  l i g h t  u n d e r  t h e  
l a r g e r  p l a n t s .  When t h e  canopy  o f  a d u l t  p l a n t s  was e x p e r i m e n t a l l y  
rem oved , t h e  embryos w ere  o b s e r v e d  t o  become l i g h t e r  i n  c o lo u r  and  t o  
grow n o t i c e a b l y  l a r g e r  o v e r  a  two month p e r i o d .  G r e a t l y  p r o t e c t e d  by  
t h e  l a r g e  o v e r l y i n g  p l a n t s ,  t h e s e  t i n y  p l a n t s  may a c t  as  a  r e s e r v e  i n  
c a s e  e x trem e  c o n d i t i o n s  k i l l  o f f  t h e  " t u r f "  o f  f i r s t  y e a r  p l a n t s  g row ing  
e l s e w h e r e  i n  t h e  P e l v e t i a  zone .
A " r e s e r v e "  s t r a t e g y  o f  a  s l i g h t l y  d i f f e r e n t  t y p e  i s  o b s e r v e d  i n  t h e  
f i r s t - y e a r  s t a n d s  o f  F . s p i r a l i s . The f i r s t  s e v e r e  d e s i c c a t i o n  i n  
s p r i n g  u s u a l l y  o c c u r s  i n  A p r i l . At t h i s  t im e  t h e  l a r g e s t  (germ l i n g s  
o f  F. s p i r a l i s  d e r i v e d  from  t h e  p r e v i o u s  sum m er's  (gamete, r e l e a s e  g e n e r a l l y
P l a t e  8 :  Dense s t a n d s  o f  young P e l v e t i a  and 2* s p i r a l i s  on t h e
u p p e r  s h o r e  a t  t h e  N o r th  S l i p ,  p h o to g ra p h e d  Ju n e  1 5 t h ,  1976 . 
P I  = P e l v e t i a  from  1975 gamete r e l e a s e ,  P2 = P e l v e t i a  p r o b a b ly  
from  1974 gawetd r e l e a s e ,  F I  = Fucus s p i r a l i s  from  1975 gamete 
r e l e a s e .
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e x c e e d  20 ram and  c a n  e f f e c t i v e l y  l i e  o v e r  and p r o t e c t  t h e  s m a l le r  
i n d iv i d u a l s  d u r in g  low  t i d e .  The to p  l a y e r  o f  p l a n t s  i n  f i r s t  y e a r  
s ta n d s  o f  F . s p i r a l i s  a r e  o f t e n  s e v e r e ly  damaged o r  k i l l e d  b y  s p r in g  
d ry  s p e l l s .  H ow ever, I  h av e  exam ined  a  num ber o f  such  b a d ly  damaged 
young  s ta n d s  and  h av e  i n v a r i a b l y  fo u n d  many unharm ed F. s p i r a l i s  p l a n t s  
b e n e a th  th o s e  w h ich  h a d  b e e n  k i l l e d .  T hese p l a n t s  a r e  s m a l l e r  and  
much d a rk e r  i n  c o lo u r  t h a n  th o s e  i n  th e  to p  l a y e r ,  b u t  th e y  grow and  
r e p l a c e  t h e  p l a n t s  l o s t  d u r in g  t h e  d ro u g h t ( P l a t e  1 0 ) .  V ia b le  
g e rm lin g s  a r e  o f t e n  p r e s e n t  i n  s ta n d s  more s e v e r ly  b u rn e d  th a n  t h a t  
i n  t h e  p h o to g ra p h . C a r e fu l  e x a m in a tio n  o f  a  sam p le  o f  a p p a r e n t ly  dead  
2* s p i r a l i s  c o l l e c t e d  a t  a b o u t 2 . 85m above c h a r t  datum  i n  summer 1975 
r e v e a le d  some v e ry  s m a ll  p l a n t s  w i th  l i v e  t i s s u e  n e a r  t h e  m id r ib  and  
ap e x . The t i p s  o f  t h e s e  p l a n t s  r e g e n e r a t e d  and  grew  s e v e r a l  m i l l im e t r e s  
d u r in g  t h i r t y  days i n  c u l t u r e .  The num ber o f  t h e s e  s m a l l  " r e s e r v e "  
p l a n t s  d e c re a s e s  a s  th e  s t a n d  grow s l a r g e r  and  o l d e r ,  b u t  a  few p l a n t s  
5 t o  50 mm lo n g  a r e  som etim es fo u n d  even  b e n e a th  m a tu re  f e r t i l e  
p o p u la t io n s  o f  2* s p i r a l i s .
T hese  s t r a t e g i e s  c a n n o t p r o t e c t  t h e  t i n y  p l a n t s  from  t i s s u e  
d e s i c c a t i o n  a t  a l l  t im e s ,  s in c e  t h e  e n t i r e  s ta n d  o f  P e l v e t i a  o r  2* 
s p i r a l i s  som etim es becom es a i r - d r y  i n  n a tu r e .  H ow ever, t h e  r a t e  a t  
w h ich  th e  young  p l a n t s  l o s e  t h e i r  w a te r  i s  e f f e c t i v e l y  re d u c e d  b y  t h e  
p r o t e c t i o n .  R a p id i ty  o f  w a te r  l o s s  as w e l l  as t o t a l  p e rc e n ta g e  o f  
t i s s u e  w a te r  l o s t  may d e te rm in e  w h e th e r  d ro u g h t i n j u r y  o c c u rs  i n  many 
lo w e r  and  h ig h e r  p l a n t s  ( L e v i t t  1 9 7 2 ) ,  and  may b e  c r i t i c a l  i n  t h e  c a s e  
o f  young f u c o id s .
3 .3 .8  Maximum t i s s u e  d e h y d ra t io n  i n  n a tu r e
S in c e  P e l v e t i a  and  F . s p i r a l i s  a p p e a r  t o  l o s e  t h e i r  " v o l a t i l e
I w a te r"  as r e a d i l y  a s  m ost o t h e r  lo w e r  p l a n t s ,  t h e i r  t i s s u e s  m ust r e a c h
be. \fd-ry tHüjÆiiw) VâlyC 0+
a  v e iy  lo w ^ w a te r  p o t e n t i a l  d u r in g  le n g th y  e x p o su re  t o  warm d ry  w e a th e r .
I n  o r d e r  t o  d e te rm in e  how d ry  P e l v e t i a  and  2» s p i r a l i s  can  becom e i n  
n a t u r e ,  t e n  sam p les  o f  ea ch  w ere  c o l l e c t e d  d u r in g  a  h o t  s p e l l  i n  
A ugust 1976  w h ich  c o in c id e d  w i th  n eap  t i d e s .  They w ere  t r a n s p o r t e d  
t o  t h e  l a b o r a t o r y  i n  a i r t i g h t  p l a s t i c  b a g s ,  and  w e ig h ed  im m e d ia te ly .
They w ere  th e n  d r i e d  f o r  f o u r  days o v e r  s i l i c a  g e l  and  re w e ig h e d  t o  
d e te rm in e  how much w a te r  p e r  100 gram s d ry  m a t te r  th e  p l a n t s  h a d
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c o n ta in e d  a t  th e  tim e  o f  c o l l e c t i o n .  T h is  w a te r  c o n te n t  was com pared  
w ith  th e  c o l l o i d a l  w a te r  c o n te n t s  fo u n d  i n  l a b o r a t o r y  d e te r m in a t io n s  
a t  d i f f e r e n t  w a te r  p o t e n t i a l s  (T a b le  8) i n  o r d e r  t o  e s t im a te  t h e  w a te r  
p o t e n t i a l  t h e  p l a n t s  h a d  r e a c h e d  i n  n a tu r e .  O th e r  sam ples c o l l e c t e d  
from  th e  same p la c e  a t  t h e  same t im e  w ere  c u l t u r e d  f o r  a b o u t t e n  days 
i n  o r d e r  t o  d e te rm in e  w h e th e r  t h e  n a t u r a l l y  d r i e d  m a t e r i a l  was s t i l l  
a l i v e .  A s i m i l a r  d e te r m in a t io n  was p e rfo rm e d  f o r  P e l v e t i a  d u r in g  a  
d ry  b u t  c o o le r  s p e l l  i n  Ju n e  1976 .
The r e s u l t s  show t h a t  t h e s e  p l a n t s  may l o s e  90-95% o f  t h e i r  w a te r  
u n d e r  n a t u r a l  c o n d i t i o n s , r e a c h in g  v e ry  low w a te r  p o t e n t i a l s , y e t  
can  t o l e r a t e  t h i s  s t r e s s  (T a b le  l 6 ) .  The t i s s u e  w a te r  p o t e n t i a l s  
a t t a i n e d  on 9 Ju n e  and  20 A ugust com pared  r o u ^ l y  t o  " a i r - d r y n e s s "  
a t  r e l a t i v e  h u m id i t i e s  o f  75 and  40-50% r e s p e c t i v e l y ,  v a lu e s  w h ich  
a r e  f r e q u e n t ly  r e a l i z e d  i n  t h e  a tm o sp h e re  u n d e r  no rm al c o n d i t io n s .
C l e a r l y ,  t h e  m ain  a d a p ta t i o n  o f  Fucus s p i r a l i s  and  P e l v e t i a  t o  t h e i r  
d i f f i c u l t  u p s h o re  h a b i t a t  i s  one o f  d r o u ^ t  t o l e r a n c e ,  i . e .  t h e  a b i l i t y  
t o  s u r v iv e  i n  a  s t a t e  o f  a i r - d r y n e s s  d u r in g  p r o lo n g e d  e x p o s u re .
3 .4  R e la t io n s h ip  b e tw e en  d ro u g h t t o l e r a n c e  and  v e r t i c a l  d i s t r i b u t i o n
on th e  s h o re
The a b i l i t y  o f  d i f f e r e n t  f u c o id  s p e c ie s  t o  t o l e r a t e  t i s s u e  
d e s i c c a t i o n  was i n i t i a l l y  com pared  b y  means o f  p h o to s y n th e s is  m easu rem en ts 
b e f o r e  and  a f t e r  d r y in g ,  a s  d e s c r ib e d  i n  s e c t i o n  2 .6 .2 .  T h ree  o r  f o u r  
sam p les  each  o f  P e l v e t i a , F . s p i r a l i s , A scophy llum  and  F . s e r r a t u s  w ere  
d r i e d  i n  th e  l a b o r a t o r y  f o r  t w e n ty - s ix  h o u r s , t h e n  p la c e d  d i r e c t l y  i n  
sam p le  b o t t l e s  and  in c u b a te d  f o r  two h o u rs  t o  d e te rm in e  t h e i r  oxygen 
e v o lu t io n  r a t e s .  T hese w ere  com pared  w ith  oxygen e v o lu t io n  r a t e s  by  
o t h e r  sam p les o f  t h e  same f o u r  s p e c ie s  w h ich  h a d  n o t  b e e n  d r i e d .  The 
a b i l i t y  o f  t h e  fo u r  s p e c ie s  t o  p h o to s y n th e s iz e  im m e d ia te ly  a f t e r  
d e s i c c a t i o n  d i f f e r e d  g r e a t l y ,  and  t h e  d i f f e r e n c e s  r e l a t e d  p r e c i s e l y  t o  
t h e i r  o r d e r  o f  o c c u r r e n c e  on t h e  s h o r e :  P e l v e t i a  > F . s p i r a l i s  >
A scophy llum  > F . s e r r a t u s  (T a b le  17)*  I n  p a r t i c u l a r ,  P e l v e t i a  and  
F. s p i r a l i s , w h ich  a r e  o f t e n  e x p o se d  f o r  lo n g e r  t h a n  tw e n ty - s ix  h o u rs  
i n  n a t u r e ,  show ed a  n e t  p o s i t i v e  oxygen e v o lu t io n ,  w h i le  A scophy llum  
and  F. s e r r a t u s  w h ich  a r e  n o rm a lly  subm erged  tw ic e  d a i l y ,  re m a in e d  be low
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the  compensation p o in t. The oxygen concentrations measured in  the  
sample b o t t le s  in  th is  determ ination  may have been somewhat low because 
th e  a lg a l samples were l e f t  in  the  b o t t le  when the chemical reagents 
were added. However, the  la rg e  d iffe ren ces  between the  four species 
a f te r  d es icca tio n  were not found in  th e  c o n tro ls , and were th e re fo re  not 
an a r te fa c t  of th is  source o f e r ro r .
Table 17 : Oxygen ev o lu tion  r a te  in  y moles O^/g.wet wt. -
hour o f P e lv e t ia , Fucus s p i r a l i s , Ascophyllum and 
F .s e rra tu s  w ith and w ithout d iying immediately befo re  
incubation . The experim ental p lan ts  were d ried  fo r 
26 hours a t 19- 21^0 , 66-73% re la t iv e  hum idity , w ater 
p o te n t ia l  -425 to  -565 b a rs .
W ith o u t d ry in g
R a te s  f o r  i n d i v i d u a l  
sam p les________ Mean
A f t e r  d ry in g
R a te s  f o r  i n d i v i d u a l  
_______ sam p les________ Mean
P e l v e t i a 13. 7 , 1 3 .4 , 13.1 , 13.0 13.3 10.9 , 9 . 0 , 8 . 9 , 6,8 8.9
F . s p i r a l i s 1 0 .8 , 9 . 2 , 8.9 9.6 3 .8 , 2 .1 ,-0 .2 1.9
A scophy llum 1 1 .3 , 8 .0 , 7 . 0 , 6 .8 8.3 0 .6 ,-1 .0  ,—2.6 ,—4.9 -2 .0
F. s e r r a t u s 1 0 .8 , 8 .6 , 8 .4 , 8.1 9.0 - 3. 3 , - 7 . 7 , - 7 . 8 , - 9.2 -7 .0
The la rg e  d iffe ren ce  between P e lv e tia  and F. s p i r a l i s  in  a b i l i ty  to  
evolve oxygen immediately a f te r  d es icca tio n  was re in v e s tig a te d  as fo llow s. 
Oxygen evo lu tion  o f th re e  p la n ts  o f  each species was measured and the 
p la n ts  were then  d esicca ted  fo r  th re e  hours in  th e  warm c u ltu re  room.
Five o th er p la n ts  o f  each species were d ried  over the  same p erio d  o f time 
and th e i r  remaining w ater content measured to  determine whether th e  two 
species had become equally  dry in  th re e  hours. P e lv e tia  lo s t  96.4 ± 0.2% 
o f i t s  w ate r, and F. s p i r a l i s  96.3 ± 0.4%, in d ic a tin g  th a t  t h e i r  t is s u e s  
had been su b jec ted  to  s im ila r  degrees o f dehydration.
The th ree  p la n ts  o f each species whose pho tosyn the tic  ra te s  had 
been measured befo re  drying were incubated again fo r  th re e  one-hour 
in te rv a ls  beginning immediately a f te r  resubmergence. The oxygen
T2
e v o lu t io n  r a t e s  o f  each, p l a n t  d u r in g  ea ch  h o u r  was e x p re s s e d  a s  a  
p e r c e n ta g e  o f  i t s  r a t e  b e f o r e  d r y in g  ( F ig u re  2 0 ) .  P e l v e t i a  r e c o v e r e d  
a  l i t t l e  more r a p i d l y  t h a n  F. s p i r a l i s  d u r in g  t h e  f i r s t  two h o u rs  a f t e r  
d r y in g ,  b u t  t h e  d i f f e r e n c e  was l e s s  p ro n o u n ce d  th a n  i n  t h e  f i r s t  d e t e r ­
m in a t io n .  A ls o ,  t h e  tw o s p e c ie s  w ere s i m i l a r  i n  t h e  t h i r d  h o u r ,  
d u r in g  w h ich  p h o to s y n th e s i s  r a t e s  i n  t h e  P e l v e t i a  sam p les  w ere  s l i g h t l y  
lo w e r  th a n  i n  t h e  p r e c e d in g  h o u r  f o r  r e a s o n s  w h ich  a r e  n o t  known.
T hese  r e s u l t s  p e r t a i n  o n ly  t o  t h e  im m ed ia te  e f f e c t  o f  t h e  d r y in g  
upon p h o to s y n th e t i c  r a t e .  The m id sh o re  s p e c ie s  m ig h t s t i l l  b e  c a p a b le  
o f  r e c o v e r y  a f t e r  a  l o n g e r  p e r i o d  i n  s e a w a te r ,  o r ,  c o n v e r s e ly ,  t h e  
u p s h o re  s p e c ie s  may s u f f e r  damage d e s p i t e  an  i n i t i a l  p o s i t i v e  r a t e  o f
oxygen e v o lu t io n .  I n  o r d e r  t o  d e te rm in e  w h e th e r  a  d e la y e d  r e c o v e ry
o c c u r s , sam p les  o f  P e l v e t i a , F . s p i r a l i s  and  A scophy llum  w ere  d r i e d  f o r  
tw e n ty - f o u r  h o u r s ,  and  a llo w e d  t o  r e c o v e r  f o r  f o u r  h o u rs  i n  s e a w a te r  
b e f o r e  t h e i r  oxygen  e v o lu t io n  r a t e s  w ere  m ea su red . C o n s id e ra b le  
r e c o v e ry  was e v id e n t  i n  a l l  t h r e e  s p e c ie s  , and  A sco p h y llu m  show ed a  n e t  
p o s i t i v e  oxygen e v o lu t io n  (T a b le  l 8 ) .  The l a r g e  d i f f e r e n c e  b e tw e e n  
P e l v e t i a  and  2* s p i r a l i s  shown i n  T a b le  17 was a b o l i s h e d  by  t h e  r e c o v e r y  
p e r io d  d u r in g  w h ich  b o th  s p e c ie s  r e t u r n e d  f u l l y  t o  t h e i r  n o rm a l r a t e s .  
A p p a r e n t ly ,  n e i t h e r  s p e c ie s  i s  dam aged b y  tw e n ty - f o u r  h o u rs  d r y in g  u n d e r  
m o d era te  c o n d i t i o n s , a l th o u g h  P e l v e t i a  may resum e n o rm a l p h o to s y n th e t i c  
r a t e s  m ore p ro m p tly  a f t e r  re su b m e rg e n c e .
T a b le  l 8  : Mean ± s t a n d a r d  d e v ia t io n  o f  oxygen  e v o lu t io n  r a t e  i n
O g /g ram ;w et w t .  -  h o u r  o f  P e l v e t i a , Fucus s p i r a l i s ,
and  A sco p h y llu m  w i th  and  w i th o u t  tw e n ty - f o u r  h o u rs  ' 
d r y in g  an d  f o u r  h o u rs  r e c o v e r y  i n  s e a w a te r .  The 
e x p e r im e n ta l  p l a n t s  w ere  d r i e d  a t  1 9 -2 1 °C , 65- 70% 
r e l a t i v e  h u m id i ty ,  w a te r  p o t e n t i a l  -4 8 0  t o  - 58O b a r s .
W ith o u t d r y in g  A f t e r  d ry in g
n  Oxygen e v o lu t io n  r a t e  ri Oxygen e v o lu t io n  r a t e  
P e l v e t i a  5 1 3 .7  ± 2 .6  8 lU .3  ± 1 .6
F . s p i r a l i s  5 9 -6  ± 2 .3  8 1 1 .8  ± 0 . 9
A scophy llum  5 8 .2  ± 1 .5  8 3 .7  ± 1 .8
T h is  f i n d i n g  i s  n o t  s u r p r i s i n g  s in c e  n a t u r a l  p o p u la t io n s  o f  b o th  
u p s h o re  s p e c ie s  e n d u re  e x p o s u re s  l o n g e r  th a n  t h i s  d u r in g  n eap  t i d e s .
The h ig h e r - g ro w in g  p l a n t s  o f  2* s p i r a l i s  a r e  o f t e n  ex p o sed  f o r  tw o o r
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F i r s t  S econd
H ours a f t e r  d ry in g
T h ird
F ig u re  2 0 . R eco v e ry  o f  p h o to s y n t h e t i c  r a t e  i n  t h r e e  p l a n t s  e a c h  o f  
P e l v e t i a  (o )  an d  Fucus s p i r a l i s  (A) a f t e r  t h r e e  h o u rs  
d r y in g  a t  2 4 .9  -  2 6 .1 ° C , 44-50% r e l a t i v e  h u m id i ty ,  w a te r  
p o t e n t i a l  -9 5 0  t o  -1 1 3 5  b a r s .
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t h r e e  d a y s , w h i le  P e l v e t i a  may h e  ex p o sed  f o r  a  week o r  l o n g e r .
T h e r e f o r e ,  a  d i f f e r e n c e  b e tw e en  th e s e  two s p e c ie s  i n  d e g re e  o f  r e c o v e ry  
m i ^ t  b e  e x p e c te d  a f t e r  d e s i c c a t i o n  f o r  a b o u t f o u r  d a y s . An e x p e r im e n t 
was u n d e r ta k e n  t o  t e s t  t h i s  h y p o th e s i s .  Ten o f  each  s p e c ie s
w ere  s e l e c t e d  and  t h e i r  p h o to s y n th e t i c  r a t e s  m ea su red . They w ere  th e n  
d r i e d  i n  t h e  l a b o r a t o r y  f o r  n i n e ty  h o u rs  and  re su b m e rg e d  f o r  t e n  h o u rs  
b e f o r e  t h e i r  p h o to s y n th e t i c  r a t e s  w ere  re m e a su re d . I n  t h i s  d e te r m in a t io n ,  
t h e  a l g a l  sam p les  w ere  w ith d ra w n  fro m  t h e  b o t t l e s  j u s t  b e f o r e  t h e  
c h e m ic a l s o l u t i o n s  w ere  a d d e d , so  t h a t  th e  a c t u a l  v a lu e s  f o r  oxygen 
e v o lu t io n  a r e  more a c c u r a te  th a n  th o s e  g iv e n  i n  T a b le s  17 and  l 8 .
P e l v e t i a  r e c o v e r e d  m ost o f  i t s  p h o to s y n th e t i c  c a p a c i ty  d u r in g  t h e  
t e n  h o u r  r e s u b m e rs io n , w h i le  F . s p i r a l i s  r e c o v e r e d  o n ly  ab o u t one t h i r d ,  
and th e  d i f f e r e n c e  b e tw e e n  th e  two s p e c ie s  was h ig h ly  s i g n i f i c a n t .
(T a b le  1 9 ) .  R a te s  o f  p h o to s y n th e s i s  m easu red  even  a f t e r  t e n  h o u rs  
r e c o v e ry  may n o t  r e f l e c t  t h e  lo n g  te r m  e f f e c t s  o f  d e s i c c a t i o n .  A 
p l a n t  w h ich  can  e v o lv e  much oxygen a f t e r  a  g iv e n  s t r e s s  may y e t  b e  
u n a b le  t o  s im u l ta n e o u s ly  f i x  c a rb o n ,  o r  m ig h t h av e  s u f f e r e d  damage t o  
o t h e r  m e ta b o lic  p a th w a y s . Hence r a t e  o f  oxygen  e v o lu t io n  may n o t  b e  
a  r e l i a b l e  in d e x  o f  s u r v i v a l  u n le s s  i t  i s  c o r r e l a t e d  w ith  t h e  p l a n t s '  
s u b s e q u e n t  s u r v i v a l  uud g row th  r a t e .  To d e te rm in e  w h e th e r  t h i s  c o r r e l a t i o n
T a b le  19 : Oxygen e v o lu t io n  r a t e  i n  y m oles 0 ^ / gram  w e t w t . - h o u r
o f  P e l v e t i a  an d  F. s p i r a l i s  b e f o r e  and  a f t e r  n i n e t y  
h o u rs  d r y in g  and  t e n  h o u rs  r e c o v e r y  i n  s e a w a te r .  
F ig u re s  r e p r e s e n t  mean ± s ta n d a r d  d e v ia t i o n .  The 
p l a n t s  w ere  d r i e d  a t  20 t o  27°C , r e l a t i v e  h u m id ity  
n o t  r e c o r d e d .
P e r c e n t  o f
n. R a te  b e f o r e  d r y in g  R a te  a f t e r  d r y in g  o r i g i n a l  r a t e  
P e l v e t i a  10 2 3 .3  ± 2 .2  1 9 . 8 + 1 . 6  86 ± 7
F . s p i r a l i s  10 1 9 .8  ± 4 .6  6 .4  ± 4 .6  34 ±26
t  2 .1 7  8 .5 8  5 .9 9
p ~ 0 . 0 6  < 0 .0 0 1  < 0 .0 0 1
e x i s t s ,  t h e  e f f e c t s  o f  d e s i c c a t i o n  oS P e l v e t i a , F . s p i r a l i s  and  F_* 
s e r r a t u s  w ere  a s s e s s e d  b y  oxygen  e v o lu t io n  r a t e s  and  b y  t h r e e  o t h e r  
c r i t e r i a :  i n i t i a l  w e i ^ t  c h a n g e , c o n d i t io n  o f  t h e  t h a l l u s  a f t e r  t e n
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days i n  c u l t u r e ,  and  r e l a t i v e  w e ig h t  g a in  d u r in g  t h a t  p e r i o d .  A f t e r  
t h e i r  i n i t i a l  oxygen e v o lu t io n  r a t e s  w ere d e te rm in e d , f i v e  p l a n t s  o f  
each  s p e c ie s  w ere  d r i e d  f o r  f iv e  h o u rs  a t  25*5 -  27°C i n  th e  warm 
c u l t u r e  room. A se c o n d  s e t  o f  sam p les  w ere d r i e d  s im u l ta n e o u s ly  
and  t h e i r  re m a in in g  w a te r  c o n te n t  m ea su red . T h is  m easu rem en t showed 
t h a t  th e  t h r e e  s p e c ie s  u n d e rw en t s i m i l a r  d e g re e s  o f  d e h y d ra t io n  d u r in g  
th e  f i v e  h o u r  e x p o s u re  (T a b le  2 0 ) .
The se c o n d  p h o to s y n th e s is  m easurem ent was ta k e n  a f t e r  e ig h te e n  
h o u rs  r e c o v e ry  in  s e a w a te r  f o l lo w in g  t h e  e x p e r im e n ta l  s t r e s s .  Then 
th e  p l a n t s  w ere  re w e ig h e d  t o  c a l c u l a t e  th e  i n i t i a l  w e i ^ t  c h a n g e , and  
c u l t u r e d  f o r  t e n  d a y s .
R eeev ery  o f  p h o to s y n th e t i c  c a p a c i ty  c o r r e l a t e d  w e l l  w i th  a l l  t h r e e  
o th e r  c r i t e r i a  o f  s u r v i v a l  (T a b le  2 1 ) ,  and  t h e r e f o r e  a p p e a rs  t o  b e  a  
r e l i a b l e  t e s t  o f  th e  e f f e c t s  o f  d r o u ^ t  s t r e s s  on f u c o id s .  F u r th e rm o re ,
a l l  f o u r  a s s e s s m e n ts  i n d i c a t e d  once a g a in  t h a t  d r o u ^ t  t o l e r a n c e  o f
th e s e  t h r e e  s p e c ie s  c o r r e l a t e s  w i th  t h e i r  v e r t i c a l  d i s t r i b u t i o n  on th e  
s h o r e .  The o c c u r re n c e  o f  s u b l e t h a l  damage i n  F . s p i r a l i s  a f t e r  o n ly  
f i v e  h o u rs  d ry in g  c o n f l i c t s  somewhat w i th  e a r l i e r  r e s u l t s .  T h is
d e te r m in a t io n  was p e rfo rm e d  on m a t e r i a l  c o l l e c t e d  i n
T a b le  2 0 ; R em ain ing  w a te r  c o n te n t  i n  P e l v e t i a , Fucus s p i r a l i s
and  F. s e r r a t u s  a f t e r  f iv e  h o u rs  d ry in g  a t  25*5 “ 2 7 °C ,
48-52% r e l a t i v e  h u m id i ty ,  w a te r  p o t e n t i a l  - 9OO t o  
-1015  b a r s .  F ig u re s  r e p r e s e n t  mean ± 1 s ta n d a r d
d e v ia t io n .
P e r c e n t  o f  w a te r  Grams w a te r  p e r  
n c o n te n t  r e t a i n e d  100 gram s d ry  m a t te r
P e l v e t i a  10 3 .5  ± 0 .2  1 3 .2  ± 0 .6
F^ s p i r a l i s  10 3 .2  ± 0 .2  1 3 .3  ± 0 .4
F. s e r r a t u s  8 2 .9  ± 0 .3  1 3 .1  ± 1 .8
F e b r u a r y ,  w h i le  t h o s e  sum m arized  i n  T a b le s  17 -  19 w ere  done i n  Ju n e  -  
J u l y ,  w h ich  s u g g e s ts  t h a t  d r o u ^ i t  t o l e r a n c e  may v a ry  s e a s o n a l ly .  T h is  
p o s s i b i l i t y  w i l l  b e  exam ined  i n  g r e a t e r  d e t a i l  i n  s e c t i o n  3 .8
T5
T a b le  2 1 : E f f e c t s  o f  d e s i c c a t i o n  on P e l v e t i a , Fucns s p i r a l i s
and  E. s e r r â t us a s s e s s e d  by  oxygen e v o lu t io n  r a t e s ,  
s u r v i v a l  and  g row th  r a t e s  (mean ± s ta n d a r d  d e v ia t io n )  
Oxygen e v o lu t io n  r a t e  y m oles 0 ^ /g ra m  w et w t. -  h o u r
b e f o r e  
R d ry in g
A f te r  5 h r s  
d ry in g  
and  18 h r s  
r e c o v e ry  
i n  s e a w a te r
P e r c e n t
o f  I n i t i a l  
o r i g i n a l  w e ig h t 
r a t e  c h a n g e , %
r e l a t i v e  
w e ig h t  g a in  
i n  10 days 
%________
c o n d i t io n  
o f  t h a l l i  
a t  end  
o f  10 days 
i n  c u l t u r e
P e l . 5 2 3 .3 ± 2 .T  2 0 .6  ± 2 .1  90 ± l 8  - 3 .8  ± 1 .3  3 1 .7 + 1 1 .8
5 2 9 .0  + 7 .2  1 3 .5  + 4 .9  U5 ± 1 8  - 1 0 . 9 + 3 . 1  2 .6 ± I S .&
F .^ e .  5 2U .7 ± 2 . 6  0 . 0  ± 2 . U 0 ± 1 0  - 2 2 . 7 + 3 .2
a p l a n t s  d r i e d  a t  2 5 .5  “ 27°C , kô-^2% r e l a t i v e ,  h u m id ity
Good
dam aged, 
e s p e c i a l l y  
n e a r  t i p :
dead
I t  was s t a t e d  i n  t h e  i n t r o d u c t i o n  t h a t  th e  s h o re  g r a d i e n t  i s  
c h a r a c t e r ix e d  m a in ly  by  i n c r e a s i n g  d u r a t io n  o f  s t r e s s  w i th  d i s t a n c e  
u p sh o re  r a t h e r  th a n  i n c r e a s i n g  i n t e n s i t y .  I f  t h i s  s ta te m e n t  i s  
i n t e r p r e t e d  s t r i c t l y ,  one m ig h t i n f e r  t h a t  a l l  f u c o id s  can  t o l e r a t e  
b e in g  d e h y d ra te d  t o  a i r - d r y n e s s ,  b u t  t h a t  d i f f e r e n t  s p e c ie s  can s u r v iv e  
i n  t h i s  co n d itio n  f o r  d i f f e r e n t  p e r io d s  o f  t im e . T h is  h y p o th e s i s  was 
t e s t e d  by  e x p e r im e n t . S e v e n te e n  t o  e ig h te e n  sam p les  each  o f  P e l v e t i a ,
Fucus s p i r a l i s  and  th e  m id sh o re  s p e c ie s  F . v e s ic u lo s u s  w ere  d r i e d  i n  th e  
warm c u l t u r e  room w hose te m p e ra tu re  (2U-27^C) and  r e l a t i v e  h u m id ity  
( 1+0- 60^ ) a re  v e ry  s i m i l a r  t o  th o s e  a t t a i n e d  d u r in g  th e  h o t t e s t  summer 
w e a th e r  a t  I s l e  o f  Cumbrae (T a b le  6 ,  s e c t i o n  3 .2 ) .  Two o r  t h r e e
p l a n t s  o f  each  s p e c ie s  w ere  l e f t  e x p o sed  i n  t h e  warm room  f o r  s e v e n ty  
h o u rs  and  w e ig h e d  a t  i n t e r v a l s  i n  o r d e r  t o  d e te rm in e  how q u ic k ly  th e y  
becam e a i r-^d ry . The w e ig h ts  o f  t h e s e  p l a n t s  show ed o n ly  m in o r f l u c t u a t i o n s
a f t e r  f i v e  h o u rs  w i th  no c o n s i s t e n t  downward t r e n d ,  i n d i c a t i n g  t h a t  th e  
sam p les h a d  becom e e s s e n t i a l l y  a i r - d r y  w i th in  t h a t  t im e  (T a b le  2 2 ) .
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Table 22: Changes in  weight o f samples o f P e lv e t ia , F . s g i r a l i s  and
F. vesicu losus during exposure a t 23.8 -  26.7 C,
50“ 59^ r e la t iv e  hum idity , w ater p o te n tia l  -  720 to  
-970 b a r s .
P e lv e tia
Weight in  m illigram s 
Fucus s p i r a l i s F. vesicu losus
hours
exposed 1 g 1 2 3 1 2 . 3
5 104.3 35.2 103.0 74.0 52.3 84.7 90.9 42.5
6.5 104.2 35.4 102.8 73.9 52.4 84.6 90.8 42.4
13 103.3 35.2 102.0 73.5 52.0 83.7 90.0 42.0
23 102.8 34.8 101.5 73.0 51.5 83.1 89.3 41.5
35 105.0 35.5 103.4 74.3 52.5 84.4 90.6 42.2
h9 105.3 35.7 103.9 74.8 52.9 84.4 90.7 42.0
70 104.8 35.5 103.0 74.3 52.5 83.5 89.5 41.7
Groups of f iv e  F. vesicu losus p lan ts  were removed from the  warm 
room and p laced  in  cu ltu re  a f t e r  s ix ,  twelve and tw enty-four hours 
exposure, i . e .  r o u ^ ly  one, seven and n ineteen  hours affcer becoming 
a ir -d ry . Five p lan ts  each o f P e lv e tia  and F. s p i r a l i s  were taken a f te r  
tw elve, tw enty-four and f o r t y - e i ^ t  hours. The two P e lv e tia  and th re e  
s p i r a l i s  used to  m onitor weight changes over seventy hours were a lso  
p laced  in  c u ltu re , and a l l  p la n ts  were grown fo r nine days th e r e a f te r .
Since the  p lan ts  th a t  were d ried  fo r sh o rte r  periods spent correspondingly 
longer times in  c u l tu re ,  mean l in e a r  growth and p ercen t weight gain of 
each group o f samples was ca lc u la te d  as follow s:
Mean growth in  10 days = (mean growth)(^^/number o f days in  cu ltu re )
Both P e lv e tia  and F. s p i r a l i s  survived d e s icca tio n  to  a ir -d ry n e s s , 
bu t they d if fe re d  g re a tly  in  the d u ra tion  fo r  which they could to le r a te  
th is  s tre s s  (Table 23). F. s p i r a l i s  was k i l l e d  by a f o r t y - e i ^ t  
hour exposure which d id  not a f fe c t  P e lv e tia . F .v esicu lo su s was severely  
damaged bu t surv ived  when exposed ju s t  long en o u ^  to  become a i r - d r y , and 
was k i l l e d  when i t  remained dry fo r  an a d d itio n a l s ix  hours. In a sep ara te
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determ ina tion . Ascophyllutii a lso  surv ived  being a i r -d r ie d  b r ie f ly  in  the  
■warm room, and was only s l ig h t ly  a f fe c te d  by a s im ila r  drying a t  a some­
what lower tem perature (Table 24).  The Ascophyllum p la n ts  were grown 
in  cu ltu re  dishes w ithout a e ra tio n ; hence observed growth ra te s  may be 
somewhat slower than they would have been in  ae ra ted  c u ltu re .
Table 23: S urv ival and growth o f P e lv e t ia , Fucus s p i r a l i s  and
Z* vesiculoBua (mean ± s tandard  d ev ia tio n ) a f te r  
drying fo r  varous periods o f tim e a t 23.8 -  26.7°C,
50- 59^ r e la t ive hum idity . w ater p o te n t ia l -720 to  -970
b a r s .
R ela tive Condition
dura tion I n i t i a l L inear weight o f t h a l l i
o f weight growth g a in . a t end o f
Species exposure n change mm/10 days %/10 days te n  days
P el. 12 hrs 5 -  4.1 ±0 . 4 3.0 ± 0.7 25.0 ± 2.3 ex ce llen t
24 hrs 5 -  3.2 ± 0.7 3.2 ± 0.5 28.7 ± 3.2 e x c e llen t
48 hrs 5 -  5.1 ± 0 .7 2.5 ± 0.7 22.4 ± 1.7 e x c e llen t
70 h rs 2 -  9 .2 not measured -  6 .1 damaged, b u t
a liv e
12 h rs 5 - 13.4 ± 1 .1 4.3  ± 1 .3 16.2 ± 6.9 s l ig h t ly  damaged
24 hrs 5 - 16.8 ±4 .4 - 0 .9  ± 2.8 -14 .9  ± 9.6 damage dj bu t
a liv e
48 hrs 5 -2 4 .2  ± 2.8 - — dead
70 h rs 3 - 23.7 - - dead
F .v e s . 6 h rs 5 -1 4 .2  ± 5 .3 0 ± 2.2 -  6 .3  ±10.6 damaged, 4
d e f in i te ly  a l i v
12 h rs 5 - 26.4 ± 6.0 - — dead
24 hrs 5 -22 .0  ± 7.0 - - dead
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A p p a r e n t ly ,  e x tre m e  d e h y d ra t io n  i s  n o t  im m e d ia te ly  l e t h a l  t o  f u c o id s  
w i th  t h e  p o s s ib l e  e x c e p t io n  o f  F . s e r r a t u s . H ow ever, some p h y s io l o g i c a l
change  o c c u rs  i n  t h e  a i r - d r y  t h a l l u s  w h ich  r e s u l t s  i n  c u m u la tiv e  damage 
w ith  t im e .  T h is  p r o c e s s  t a k e s  p la c e  r a p i d l y  i n  m id sh o re  f u c o i d s ,  f a i r l y
s lo w ly  in  F . s p i r a l i s  and  v e ry  s lo w ly  i n  P e l v e t i a .
The maximum d u r a t io n s  o f  e x p o s u re  w h ich  P e l v e t i a  and  F. s p i r a l i s  
t o l e r a t e d  i n  t h i s  e x p e r im e n t w ere  s h o r t e r  th a n  t h e  l o n g e s t  t i d a l  e x p o su re s  
a t  t h e i r  u p p e r  l i m i t s  on th e  s h o r e .  The h i g h e s t  g ro w in g  F , s p i r a l i s  
may b e  ex p o sed  f o r  up t o  se v e n  days (F ig u re s  5 .7 * 9 ,  s e c t i o n  3 . 2 ) ,  y e t  
t h i s  s p e c ie s  s u r v iv e d  o n ly  tw e n ty - f o u r  h o u rs  when e x p o se d  i n  t h e  warm 
c u l t u r e  room . A lso  P e l v e t i a , w hich  may b e  e x p o se d  f o r  s e v e r a l  w eeks 
i n  n a t u r e ,  was som ew hat dam aged a f t e r  s e v e n ty  h o u rs  i n  t h e  e x p e r im e n t .
H ow ever, b o th  s p e c ie s  w ere  c l e a r l y  d i s t i n g u i s h e d  from  F . v e s ic u lo s u s  i n  
t h a t  th e  fo rm e r  s u r v iv e d  a  tw e n ty - f o u r  h o u r  e x p o s u re  u n d e r  s e v e r e  
c o n d i t io n s  w h i le  t h e  l a t t e r ,  w h ich  i s  n o rm a lly  subm erged  tw ic e  d a i l y  
i n  n a t u r e ,  d id  n o t .
F u c o id s  a p p e a r  t o  s u f f e r  l e s s  when e x p o sed  u n d e r  s l i ^ t l y  c o o le r  
an d  m ore hum id c o n d i t io n s  (T a b le s  l 8 ,  1 9 ,  2 4 ) ,  T h e r e f o r e ,  an 
e x p e r im e n t was u n d e r ta k e n  t o  d e te rm in e  w h e th e r  th e y  c o u ld  s u r v iv e  
v e ry  lo n g  t i d a l  e x p o s u re s  i n  a  m ild ly  d e s i c c a t i n g  a tm o s p h e re . Sam ples
o f  P e l v e t i a , F. s p i r a l i s  an d  F . s e r r â t us w ere ex p o sed  f o r  se v e n  days i n
a  c o o l  c u l t u r e  room (6 -9 ^ C , 79"8l%  r e l a t i v e  h u m id i ty ) . 2* s e r r â t us was
k i l l e d ,  b u t  2* s p i r a l i s  s u f f e r e d  o n ly  m o d era te  damage and  P e l v e t i a  was
unharm ed by  t h i s  e x p o s u re  (T a b le  2 5 ) .
T ab le  25 : S u r v iv a l  and  g row th  o f  P e l v e t i a , Fucus s p i r a l i s  and
F . s e r r a t u s  (mean + s ta n d a r d  d e v ia t io n )  a f t e r  se v e n  
days e x p o s u re  a t  6 -9  C, 79"8l%  r e l a t i v e  h u m id i ty ,
w a te r  p o t e n t i a l  - 2 7 5  t o  -3 0 5  b a r s .
I n i t i a l  w e ig h t  L in e a r  girowthj R e la t i v e  w e ig h t  C o n d i t io n s  o f
c h a n g e , % mm i n  13 days ga in ,%  i n  13 days t h a l l i  a t  end
o f  13 days
P e l v e t i a  - 1 .5  ± 1 .2  4 .5  ± 0 .7  4 6 . 2 + 4 . 6  Good
F. s p i r a l i s  - 1 1 .7  ± 2 .9  4 .1  ± 1 .7  1 3 .7  ± 1 2 .1  som ew hat
dam aged n e a r  t i
F . s e r r a t u s  - 2 6 .7  ± 2 .3  -  ~ d e a d
8:0
C l e a r l y ,  t e m p e r a tu r e  and  w a te r  p o t e n t i a l  i n f l u e n c e  th e  r a t e  a t  
w h ich  a d v e rs e  p h y s io l o g i c a l  change  o c c u rs  i n  t h e  a i r - d r y  t h a l l u s .  
The e f f e c t s  o f  t h e s e  tw o p a ra m e te r s  w i l l  h e  c o n s id e r e d  i n  g r e a t e r  
d e t a i l  i n  t h e  f o l lo w in g  tw o s e c t i o n s .
3 .5  E f f e c t  o f  te m p e r a tu r e  d u r in g  e x p o su re  on  s u r v i v a l
I n  o r d e r  t o  d e te rm in e  w h e th e r  h i ^  t e m p e ra tu re s  m ig h t a g g ra v a te  
t h e  e f f e c t  o f  d e s i c c a t i o n ,  sam p les  o f  P e l v e t i a  and  F . s p i r a l i s  w ere  
d e h y d ra te d  f o r  tw e n ty - f o u r  h o u rs  a t  two d i f f e r e n t  t e m p e ra tu re s  h u t  
a t  t h e  same w a te r  p o t e n t i a l .  S in c e  th e  v a p o u r p r e s s u r e  d e f i c i t  a t  a  
g iv e n  w a te r  p o t e n t i a l  i s  r e l a t e d  t o  t e m p e r a tu r e ,  f u l l y  h y d r a te d  sam p les  
w o u ld  r e q u i r e  much l o n g e r  t o  becom e a i r - d r y  a t  th e  lo w e r  te m p e r a tu r e  
th a n  a t  th e  h i g h e r .  T h e r e f o r e ,  t h e  p l a n t s  w ere  w e ig h e d  and  l e f t  
e x p o se d  i n  th e  l a b o r a t o r y  f o r  a b o u t tw o h o u rs  i n  o r d e r  t o  rem ove t h e  
m a jo r i t y  o f  t h e i r  t i s s u e  w a te r .  Then t e n  p l a n t s  o f  e a ch  s p e c ie s  w ere  
p la c e d  i n  a  d e s i c c a t o r  i n  t h e  c o o l  c u l t u r e  room (9*  ^ ± l^C ) o v e r  a  
s u lp h u r i c  a c id  s o l u t i o n  w h ich  gave a  h u m id ity  o f  73*8% a t  t h i s  
t e m p e r a tu r e ,  and  a  w a te r  p o t e n t i a l  o f  -3 9 5  b a r s .  A t t h e  same t im e  
t e n  more sam p les  o f  each  w ere  p l a c e d  i n  a  se c o n d  d e s i c c a t o r  i n  th e  
warm c u l t u r e  room  (2 5 °  ± 1°C ) an d  m a in ta in e d  a t  75^ r e l a t i v e  h u m id i ty ,  
w a te r  p o t e n t i a l  -3 9 5  b a r s .  The two d e s i c c a t o r s  w ere  p o s i t i o n e d  so  as 
t o  r e c e iv e  ro u g h ly  t h e  same i l l u m i n a t i o n ,  and  w ere  c o v e re d  w i th  opaque 
b la c k  p o ly th e n e  i n  t h e  e v e n in g  and  u n c o v e re d  th e  n e x t  m o rn in g  so  as  t o  
p r o v id e  i d e n t i c a l  l i g h t  r e g im e s .
A f t e r  th e  d e s i c c a t i o n ,  t h e  p l a n t s  w ere  so a k e d  f o r  20 h o u r s ,  
w e ig h ed  and c u l t u r e d  f o r  t e n  d a y s . D e h y d ra tio n  to  -3 9 5  b a r s  e x e r t e d  
a  g r e a t e r  e f f e c t  upon F. s p i r a l i s  a t  25°C th a n  a t  9°C (T a b le  2 6 ) . 
P e l v e t i a  grew w e l l  a f t e r  d r y in g  a t  b o th  t e m p e r a t u r e s , b u t  i t  show ed a 
s i g n i f i c a n t  i n i t i a l  w e ig h t  l o s s  o n ly  a t  t h e  h ig h e r  t e m p e r a tu r e .
S in c e  P e l v e t i a  was q u i t e  r e s i s t a n t  t o  d ry in g  f o r  tw e n ty - f o u r  h o u r s , 
sam p les  w ere  d r i e d  f o r  f o u r t e e n  days a t  - 9 5 0  b a r s  w a te r  p o t e n t i a l  t o  
d e te rm in e  w h e th e r  t e m p e r a tu r e  a f f e c t s  t h e i r  a b i l i t y  t o  s u r v iv e  su ch  a  
lo n g  e x p o s u re . The p l a n t s  s u r v iv e d  t h i s  s t r e s s  a t  9°C and  u n d e rw e n t
8 1
o n ly  a  s m a ll  i n i t i a l  w e i ^ t  change ( - 4 .0  ± 2.7% , n=5 ) .  At 25°C t h e  
p l a n t s  w ere  k i l l e d  ( i n i t i a l  w e ig h t  change - 2 2 .6  ± 3 .5% , n = 4 ). 
A p p a r e n t ly ,  th e  h i g h e r  t e m p e r a tu r e  a c c e l e r a t e s  dam aging p h y s io l o g i c a l  
change i n  a i r - d r i e d  se aw e ed s .
T a b le  26 : S u r v iv a l  and  g row th  o f  P e l v e t i a  and  Fucus â p i r a l i s
(mean ± s t a n d a r d  d e v ia t io n )  a f t e r  d ry in g  f o r  tw e n ty -  
f o u r  h o u rs  a t  a  w a te r  p o t e n t i a l  o f  -3 9 5  b a r s  a t  
t e m p e ra tu re s  o f  9°C and  25°C . T a b le  i n c lu d e s
t  t e s t  f o r  s i g n i f i c a n c e  i n  d i f f e r e n c e s  b e tw e e n  th e  
tw o t r e a tm e n t s ,  * = p < 0 . 0 5  = p < 0 .0 0 1
P e lv e t i a
9°C
25°C
n
10
10
I n i t i a l  
w e i ^ t  
c h a n g e ,%
+ 0 .3  ± 1 .7  
- 7 .4  ± 1 .9  
3. 01*
L in e a r  
g row th , 
mm i n  10 days
4 . 0  ± 0 . 
3 .3  ± 0 .  
1 .9 5
R e la t i v e  
w e ig h t g a in ,  
% i n  10 days
3 7 .1  ± 7 .0  
3 1 .4  ± 7 .1  
1 . 8 0
C o n d i t io n  
o f  t h a l l i  
a t  end  o f  10 days
G e n e r a l ly  good 
G e n e ra l ly  good
Pucus s p i r a l i s
9°C
25°C
10
10
- 3 . 4  ± 1 . 6  
-1 3 .4  ± 3 .0
9 . 26***
7 . 2  ± 1 . 5  
3 . 7  ± 1 .4
5 . 38***
5 1 . 0  ± 9 . 8
2 0 . 1  ± 1 1 . 7
6 . 4 i* * *
Good
T ip s  n a rro w e d  
4 p l a n t s  damaged
I t  was i n i t i a l l y  assum ed t h a t  t h e  p l a n t s  w o u ld  c o n ta in  th e  same 
amount o f  t i s s u e  w a te r  when a i r - d r i e d  a t  d i f f e r e n t  t e m p e r a tu r e s  t o  t h e  
same w a te r  p o t e n t i a l .  In  o r d e r  t o  t e s t  t h i s  a s s u m p tio n , c o l l o i d a l  
w a te r  c o n te n t  was m easu red  a t  25° and  9°C a t  a  s e r i e s  o f  f o u r  d i f f e r e n t  
w a te r  p o t e n t i a l s .  T h ree  sam p les  e a c h  o f  P e l v e t i a  and  F . s p i r a l i s  
w ere  u se d  f o r  ea ch  c o m b in a tio n  o f  t e m p e ra tu re  and  w a te r  p o t e n t i a l .  
C o l lo id a l  w a te r  c o n te n t  was fo u n d  t o  b e  g r e a t e r  a t  9°C th a n  a t  25°C 
a t  in te r m e d ia t e  p o t e n t i a l s , w h i le  t h i s  d i f f e r e n c e  was much s m a l le r  a t  
-1 1 0 0  b a r s ,  and  was a p p a r e n t ly  r e v e r s e d  a t  -3 9 5  b a r s  (T a b le  2 7 ) .  
T h e r e f o r e ,  one o f  t h e  e f f e c t s  o f  th e  h ig h e r  t e m p e r a tu r e  i s  t o  change  
th e  h y g ro s c o p ic  p r o p e r t i e s  o f  t h e  a l g a l  t i s s u e s ,  th u s  a l t e r i n g  t i s s u e  
w a te r  c o n te n t  a t  a  g iv e n  w a te r  p o t e n t i a l .
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T a b le  2 T : C o l l o id a l  w a te r  i n  grams p e r  100 gram s d ry  m a t te r
i n  sam p les  o f  P e l v e t i a  and  s p i r a l i s  a i r - d r i e d  
a t  9 C an d  25 C a t  f o u r  d i f f e r e n t  w a te r  p o t e n t i a l  
Each v a lu e  l i s t e d  r e p r e s e n t s  a  s i n g l e  sam p le .
P e l v e t i a Eueus s p i r a l i s
W ater
P o t e n t i a l 25°C 9°C 25°C 9°C
-3 9 5  b a r s 3 7 .7 3 5 .4 39 .7 3 5 .2
3 6 .1 3 2 .3 3 7 .6 3 3 .5
3 4 .8 3 1 .2 3 4 .0 3 1 .6
-5 9 5  b a r s 2 1 .9 2 2 . 7 2 1 .6 2 4 .0
2 1 .0 2 2 .6 2 0 .6 2 3 .1
2 0 . 7 2 2 .3 1 9 . 9 2 2 .6
-8 2 0  b a r s 1 5 . 2 1 8 . 2 1 6 . 0 1 8 . 3
1 5 . 2 1 7 . 4 1 6 . 0 1 7 . 7
1 5 . 0 1 7 . 4 1 3 . 9 1 7 . 7
“ 1100 b a r s 1 2 .1 1 2 . 3 1 1 .8 1 2 .2
1 1 . 9 1 2 .1 1 1 .5 1 2 .1
1 1 .8 1 2 .0 1 1 .3 1 1 .8
I n  o r d e r  t o  d e te rm in e  w h e th e r  h ig h  te m p e ra tu re  a c c e l e r a t e s  h a rm fu l  
p h y s io l o g i c a l  ch an g es a t  a  g iv e n  t i s s u e  w a te r  c o n te n t ,  t h e  e x p e r im e n t was 
r e p e a te d  w i th  t h e  f o l lo w in g  m o d i f i c a t i o n .  The sam p les  a t  9°C w ere  
m a in ta in e d  a t  a  p o t e n t i a l  o f  - 96O b a r s  and  th o s e  a t  25°C a t  -7 7 5  b a r s  , 
s in c e  t h e  d a ta  i n  T a b le  27 s u g g e s t  t h a t  th e s e  two re g im e s  w o u ld  g iv e  
a p p ro x im a te ly  e q u a l  t i s s u e  w a te r  c o n te n t s .  A l l  sam p les  w ere  f i r s t  
e q u i l i b r a t e d  f o r  e i g h t  h o u rs  i n  t h e  l a b o r a to r y  (2 0 .5  “ 2 2 .0 ^ 0 ,  w a te r  
p o t e n t i a l  -p 4 0  t o  -9 ^ 5  b a r s )  and  w e ig h e d . Ten p l a n t s  o f  e a ch  s p e c ie s  
w ere  th e n  p u t  i n t o  each  t r e a tm e n t  f o r  a  f u r t h e r  e le v e n  h o u r s ,  and  w e ig h e d  
a g a in .  S in c e  i t  i s  s a f e  t o  assum e t h a t  th e  sam p les  h a d  r e a c h e d  t h e i r  
e q u i l ib r iu m  w a te r  c o n te n ts  a f t e r  e i ^ t  h o u rs  i n  th e  l a b o r a t o r y ,  any 
d i f f e r e n c e  i n  t i s s u e  w a te r  c o n te n t  b e tw e e n  th e  sam p les  a f t e r  t h e  9°C 
and  t h e  25°C t r e a tm e n t s  c o u ld  b e  d e te c te d  by  c o m p arin g  f i n a l  a i r - d r y  
w e i ^ t s  o f  t h e  p l a n t s  i n  e a ch  t r e a tm e n t  w ith  t h e i r  w e ig h ts  a f t e r  d ry in g  
i n  t h e  l a b o r a t o r y .  The am ounts b y  w h ich  th e  p l a n t s ’ w e i ^ t s  d id  
change w h ile  i n  t h e  d e s i c c a t o r s  w ere  s i m i l a r  f o r  t h e  tw o t r e a tm e n t s
(T a b le  2 8 ) ,  and  t h e  sam p les  h a d  t h e r e f o r e  r e a c h e d  s i m i l a r  t i s s u e  w a te r  
c o n t e n t s .
T a b le  28 : Mean s t a n d a r d  d e v ia t io n  o f  p e r c e n t  w e ig h t  change i n
sam p les  o f  P e l v e t i a  and  F. s p i r a l i s  d u r in g  e le v e n  
h o u rs  i n  tw o e x p e r im e n ta l  d e s i c c a t i o n  t r e a tm e n t s .  
P l a n t s  h a d  b e e n  a i r - d r i e d  a t  2 0 .5  -  2 2 .0 ^ 0 ,  -9 ^ 0  t o  
-945  b a r s  w a te r  p o t e n t i a l  b e f o r e  b e in g  in t r o d u c e d  i n t o  
th e  s e p a r a t e  t r e a tm e n t s .  T a b le  a l s o  g iv e s  t  t e s t  f o r  
d i f f e r e n c e s  o b s e rv e d .
C o n d it io n s n
P e l v e t i a  
w ei g h t c h a n g e , % n
F . s p i r a l i s  
w e ig h t  c h a n g e , %
25°C , = -7 7 5  b a r s 10 5 . 0  ± 1 . 0 10 4 .2  ± 1 . 0
9°C , 4/^ = - 9 6 0  b a r s 10 4 .8  ± 1 . 0 10 3 . 7  ± 0 . 5
t 0 .4 5 1 .4 2
P >0 . 6 0 >0 . 1 0
A f t e r  t h e  e x p e r im e n ta l  s t r e s s ,  th e  sam ples w ere  c u l t u r e d  f o r  e le v e n  
d a y s , and  t e n  c o n t r o l  p l a n t s  o f  ea ch  s p e c ie s  w ere  grown f o r  t h e  same 
p e r io d .  Once a g a in ,  i n i t i a l  w e ig h t  l o s s  was s i g n i f i c a n t l y  g r e a t e r  i n  
b o th  s p e c ie s  a t  25°C t h a n  a t  9°C . (T a b le  2 9 ) .  P e l v e t i a  grew  n o rm a lly  
a f t e r  b o th  t r e a t m e n t s ,  b u t  F^ . s p i r a l i s  was a d v e r s e ly  a f f e c t e d ,  and  
damage was s i g n i f i c a n t l y  m ore s e v e r e  a f t e r  d ry in g  a t  25°C th a n  a t  9°C .
T h is  shows t h a t  h ig h  te m p e ra tu re  does n o t i n c r e a s e  s t r e s s  s o l e l y  th ro u g h  
i n c r e a s i n g  t h e  d e g re e  o f  d e h y d r a t io n .  F u r th e rm o re ,  t h e  e f f e c t  o b s e rv e d  
i n  t h i s  e x p e r im e n t c a n n o t b e  a t t r i b u t e d  t o  an a c c e l e r a t e d  ra te -  o f  
d e h y d ra t io n  s in c e  a l l  t h e  sam p les  w ere  p r e - d r i e d  u n d e r  i d e n t i c a l  
c o n d i t io n s  t o  a  s l i ^ t l y  lo w e r  w a te r  c o n te n t  th a n  t h a t  a t  w h ich  th e y  
w ere  e q u i l i b r a t e d  i n  t h e  e x p e r im e n ta l  t r e a tm e n t s .  T h e r e f o r e ,  an  i n c r e a s e  
i n  te m p e ra tu re  d i r e c t l y  a c c e le ra te s  th e  r a t e  o f  a d v e rs e  p h y s io l o g i c a l  change 
i n  f u c o id  t i s s u e s  d r i e d  t o  a  g iv e n  w a te r  p o t e n t i a l .  S in c e  t h e  h ig h e r  
te m p e ra tu re  u s e d  i n  t h e  e x p e r im e n ts  i s  s i m i l a r  t o t h e  h i g h e s t  r e a c h e d  a t  
I s l e  o f  G um brae, and s in c e  e x p o se d  fu c o id s  can  become s i g n i f i c a n t l y  w arm er 
th a n  th e  s u r r o u n d in g  a i r  on a  sunny  day (Schramm I 9 6 8 ) ,  h ig h  te m p e ra tu re  
may b e  c o n s id e r e d  an e c o l o g i c a l l y  im p o r ta n t  a g g r a v a t in g  f a c t o r .
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T able 29
P e l v e t i a
C o n tro l
n
10
9 G, = “ 960  b a r s  10
25 , T|J^  = -7 7 5  b a r s  10
S u r v iv a l  an d  g row th  o f  P e l v e t i a  and  Fucus s p i r a l i s  
(mean ± s t a n d a r d  d e v ia t io n )  a f t e r  d r y in g  t o  t h e  same 
t i s s u e  w a te r  c o n te n t s  a t  two d i f f e r e n t  t e m p e r a tu r e s .  
T a b le  a l s o  g iv e s  t  t e s t  o f  o b s e rv e d  d i f f e r e n c e s  b e tw e en  
t h e  9°C an d  2 5 °C d ry in g  t r e a tm e n t s ,
** = p < 0 . 0 1  *** = p < 0 .0 0 1
I n i t i a l  
w e ig h t 
c h a n g e , %
-2 . 1  ± 1 .3  
■4.7 ± 1 . 0  
5 . 01***
L in e a r  
g row th , 
mm i n  11  days
2 . 8  ± 1.0  
2.8  ± 0 .8
2 . 2  ± 0 . 8
1 .4 0
R e la t i v e  
w e ig h t  g a in ,  
jo i n  11  days
2 8 . 1  ± 3 . 7  
2 8 . 6  ± 6 . 6
2 7 . 0  ± 6 .4
0 .4 8
c o n d i t io n  o f  
t h a l l i  
a t  en d  
o f  11  days
Good
Good
Good
■ Fucus s p i r a l i s
C o n tro l  10
9°C , = - 9 6 0  b a r s  10
25 , = -7 7 5  b a r s  10
- 1 5 . 0  ± 4 . 1
- 2 1 . 8  ± 5 .1  
3 , 29**
8 . 3  ± 1 . 6  
0 . 5  ± 1 . 9
■3.2 ± 1 .0
5 .44***
5 2 . 2  ± 1 1 . 0  
-1 0 . 9  ± 1 5 . 6
-3 5 .8  ± 3 .1
4 . 94 * * *
Good
Damaged b u t  
r e  g e n e r  a t  ing^
Dead
a  f i v e  o f  t h e s e  p l a n t s  grew  i n  l e n g th  and  g a in e d  w e ig h t  
when c u l t u r e d  f o r  a n o th e r  e ig h t  d a y s .
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3 .6  S u r v iv a l  a f t e r  d e h y d r a t io n  a t  v a r io u s  w a te r  p o t e n t i a l s
S in c e  t h e  d e g re e  o f  t i s s u e  d e h y d ra t io n  i s  d i r e c t l y  r e l a t e d  t o  th e  
w a te r  p o t e n t i a l  o f  th e  s u r r o u n d in g  a tm o s p h e re , t h i s  p a ra m e te r  w ou ld  he  
e x p e c te d  t o  e x e r t  a  p ro fo u n d  in f lu e n c e  on th e  a l g a 's  a b i l i t y  t o  s u r v iv e  
d u r in g  t i d a l  e x p o s u re . The p o s s i b i l i t y  t h a t  a  h i g h e r  r e l a t i v e  h u m id ity  
m ig h t m i t i g a t e  t h e  e f f e c t s  o f  e x p o s u re  was t e s t e d  b y  e x p e r im e n t . F iv e  
sam p les  each  o f  Fucus s p i r a l i s  an d  P e l v e t i a  w ere  d r i e d  a t  9*^  ± l^C  a t  
each  o f  f o u r  d i f f e r e n t  w a te r  p o t e n t i a l s .  The P e l v e t i a  was d r i e d  f o r  
f o r t y - e i g h t  h o u rs  an d  th e  g* s p i r a l i s  f o r  tw e n ty - f o u r  so  t h a t  each  
s p e c ie s  was s u b je c t e d  t o  a  s u b l e t h a l  b u t  p o s s ib ly  dam aging s t r e s s .
A f t e r  d r y in g ,  t h e  p l a n t s  w ere  re su b m e rg e d  and  c u l t u r e d  f o r  t e n  d a y s ,  
and  f i v e  c o n t r o l  p l a n t s  o f  e a ch  s p e c ie s  w ere  a l s o  c u l t u r e d  f o r  t h e  same 
p e r io d .  The e x p e r im e n t was r e p e a te d  a t  25° ± 1°C t o  d e te rm in e  w h e th e r  
t h e  e f f e c t  o f  w a te r  p o t e n t i a l  was s i m i l a r  a t  t h e  h i g h e r  t e m p e r a tu r e .  
S u r v iv a l  was a s s e s s e d  b y  f o u r  c r i t e r i a :  i n i t i a l  w e ig h t  change  (a s
d e f in e d  on page  31 ) ,  l i n e a r  g ro w th , r e l a t i v e  w e ig h t  g a in  and  c o n d i t io n
o f  t h e  t h a l l i  a t  t h e  en d  o f  t h e  c u l t u r e  p e r io d .
S u r p r i s i n g l y ,  s t r e s s  i n j u r y  a t  25°C becam e p r o g r e s s iv e l y  l e s s  s e v e r e  
w ith  d e c r e a s in g  w a te r  p o t e n t i a l  (T a b le  30 , F ig u re s  2 1 , 2 2 , 2 3 ) .  T h is  
was e s p e c i a l l y  p ro n o u n c e d  i n  P e l v e t i a  w h ich  was u n a f f e c te d  a f t e r  two 
days a t  -1 3 7 5  b a r s ,  b u t  s e v e r e ly  damaged a f t e r  tw o days a t  -1 0 0  b a r s .
A t 9°C , P e l v e t i a  was u n a f f e c te d  a t  a l l  w a te r  p o t e n t i a l s ,  w h i le  damage 
t o  F . s p i r a l i s  a p p e a re d  t o  i n c r e a s e  s l i g h t l y  w i th  d e c r e a s in g  w a te r  
p o t e n t i a l ,  w h ich  was t h e  e x p e c te d  t r e n d .
T a b le  30: C o n d i t io n  o f  P e l v e t i a  and F . s p i r a l i s  
w a te r  p o t e n t i a l s  a t  '9 ^ C  and  a t  25^C 
t e n  d a y s . 0 = no dam age, t  = some o r  
dam aged, ft = m o d era te  dam age, ttt =
d r ie d  t o  d i f f e r e n t  
, and  c u l t u r e d  f o r  
a l l  p l a n t s  s l i g h t l y  
: s e v e r e  dam age.
W ater p o t e n t i a l . b a r s
-100 -3 9 5 -7 7 5 -1 3 7 0 C o n tro l
P e l v e t i a  9°C 0 0 0 0 0
25°C t t t  t t t t t 0 0
F . s p i r a l i s  9°G 0 t t t 0
25°C t t t  t t t t t t 0
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These t r e n d s  w ere  s u b je c t e d  t o  tw o d i f f e r e n t  s t a t i s t i c a l  a n a ly s e s .  
F i r s t l y ,  i n i t i a l  w e ig h t  l o s s ,  l i n e a r  grow th  and  p e r c e n t  w e ig h t g a in  
a f t e r  d ry in g  a t  -1 0 0  an d  a t  -1 3 7 0  b a r s  w ere com pared  f o r  each  s p e c ie s  a t  
each  te m p e ra tu re  by  means o f  a  s im p le  t - t e s t .  S e c o n d ly , a  s i n g l e ­
f a c t o r  a n a ly s i s  o f  v a r ia n c e  was p e rfo rm e d  on each  p a ra m e te r  t o  com pare 
th e  v a r ia n c e  r e s u l t i n g  from  th e  d i f f e r e n t  t r e a tm e n ts  t o  t h e  v a r ia n c e  
a t t r i b u t e d  t o  r e p l i c a t e s  and  e r r o r .  These t e s t s  show t h a t  t h e  u n e x p e c te d  
" r e v e r s e d "  t r e n d  i n  P e l v e t i a  a t  25°C i s  h ig h ly  s i g n i f i c a n t  (T a b le  3 l ) .
The s ig n i f i c a n c e s  o f  t h e  t r e n d s  i n  ^  s p i r a l i s  a t  b o th  te m p e ra tu re s  a r e  
u n c e r t a i n .  H ow ever, th e  c o n v e rg e n c e  o f  th e  9^0 and  25*^0 c u rv e s  w ith  
d e c r e a s in g  w a te r  p o t e n t i a l  i s  e v id e n t  i n  a l l  t h r e e  p a ra m e te r s  m ea su red . 
T h e r e f o r e ,  i n i t i a l  w e ig h t l o s s  and  g row th  r a t e s  o f  F. s p i r a l i s  ex p o sed  
a t  th e  tw o te m p e ra tu re s  w ere  com pared  a t  each  w a te r  p o t e n t i a l  u s in g  th e
t - t e s t .  The e f f e c t  o f  te m p e ra tu re  was m ost p ro n o u n c e d  a t  -1 0 0  b a r s  and 
l e a s t  so  a t  -1 3 7 0  b a r s ,  a t  w h ich  th e  d i f f e r e n c e s  b e tw e en  th e  9°0  an d  25°C 
s e t s  w ere  s t a t i s t i c a l l y  i n s i g n i f i c a n t  (T a b le  3 2 ) .
T a b le  3 1 : S t a t i s t i c a l  t e s t s  o f  s ig n i f i c a n c e  o f  t r e n d s  i n  s u r v i v a l
and  g row th  r e l a t e d  t o  w a te r  p o t e n t i a l  d u r in g  e x p o s u re , 
t ^  = t  v a lu e  o f  d i f f e r e n c e  b e tw e en  e f f e c t s  o f  d ry in g  a t  
-1 0 0  and  a t  -1 3 7 5  b a r s .  F (3 ,1 6 )  = r a t i o  o f  v a r i a n c e  
r e s u l t i n g  from  d i f f e r e n t  w a te r  p o t e n t i a l s  t o  v a r ia n c e  
r e s u l t i n g  from  a l l  o th e r  c a u se s  * = p < 0 .0 5  = p < 0 .0 1
F ( 3 , i 6)
P e l v e t i a  9°C
i n i t i a l  w e ig h t  change 0 . 5 8 0.52
l i n e a r  grow th O.U2 0.18
r e l a t i v e  w e ig h t g a in 1.57 0 .^ 7
F. s p i r a l i s  9°C
i n i t i a l  w e ig h t change 0.55 0.73
l i n e a r  g row th 0.83 2.81
r e l a t i v e  w e ig h t  g a in 1.70 2.83
P e l v e t i a  25°C
i n i t i a l  w e ig h t change U.io* 12.47**
l i n e a r  grow th 3.61* 6.73**
r e l a t i v e  w e ig h t g a in 5 . 37** 18.58**
F . s p i r a l i g  25°C
i n i t i a l  w e ig h t change 3 . 83* 7.19**
l i n e a r  g row th 2.68 1.30
r e l a t i v e  w e ig h t g a in U.oi* 2.56
8 7
T a b le  3 2 : t  v a lu e s  f o r  d i f f e r e n c e  b e tw e en  e f f e c t s  o f  d r y in g
a t  9 C an d  25 C on Fucus s p i r a l i s  a t  f o u r  d i f f e r e n t  
w a te r  p o t e n t i a l s ,  * = p < 0 . 0 5  ** = p < 0 .0 1
i|j^ b a r s  i n i t i a l  w e ig h t  change l i n e a r  g row th  r e l a t i v e  w e ig h t  g a in
- 1 0 0  5 . 54*% 4 .6 4 * *  8 . 74**
-3 9 5  5 .7 9 * *  3 .8 8 * *  7-57**
-7 7 5  5 . 09** 2 . 82* 6 . 63**
-1375  1 . 2 0  2 .1 3  2 . 5 7
A se c o n d  e x p e r im e n t was u n d e r ta k e n  w i th  P e l v e t i a  t o  d e te rm in e  w h e th e r  
t h e  r e s u l t s  o b ta in e d  a t  25°C a r e  r e p r o d u c ib l e ,  and  w h e th e r  t h e  o b s e rv e d  
t r e n d  e x te n d s  t o  much lo w e r  r e l a t i v e  h u m id i t i e s .  Sam ples o f  P e l v e t i a  
w ere  d r i e d  a t  75^ and  a t  37^ h u m id i ty ,  and  o t h e r  sam p les  w ere  d r i e d  o v e r  
s i l i c a  g e l ,  g iv in g  a r e l a t i v e  h u m id i ty  n e a r  z e ro  p e r c e n t .  Groups o f  
f i v e  p l a n t s  w ere  s u b je c t e d  t o  each  t r e a tm e n t  f o r  tw o , f o u r  an d  s i x  days 
an d  t h e n  c u l t u r e d .  They w ere  grown i n  u n a e r a te d  c u l t u r e  d i s h e s , and  th e  
g ro w th  r a t e  o f  t h e  f i v e  c o n t r o l  p l a n t s  was r e l a t i v e l y  s low  as  a  r e s u l t .  
H ow ever, a  v e ry  d i s t i n c t  p a t t e r n  em erged  ( F ig u r e s  2 4 , 2 5 ) .  E x p o su re  
a t  75^ r e l a t i v e  h u m id ity  (w a te r  p o t e n t i a l  -3 9 5  b a r s )  c a u se d  a  p r o g r e s s iv e  
i n j u r y ,  w i th  s l i g h t  damage a f t e r  two days and  l e t h a l  e f f e c t s  a f t e r  s i x .
By c o n t r a s t ,  d r y in g  a t  37^ h u m id i ty  ( -1 3 7 0  b a r s )  c a u se d  o n ly  a 'v e r y  s l i g h t  
e f f e c t  w h ich  d id  n o t  i n c r e a s e  w i th  t im e  d u r in g  th e  s i x  day e x p e r im e n t . 
H ow ever, c o m p le te  d e h y d ra t io n  o v e r  s i l i c a  g e l  p ro v e d  f a t a l  ev en  a f t e r  
o n ly  two d a y s . I n  a  s e p a r a t e  d e te r m in a t io n  a t  9 ^ 0 , d ry in g  a t  0% 
r e l a t i v e  h u m id ity  dam aged th e  p l a n t s  a lm o s t as  s e v e r e ly  as  a t  25^ 0 , b u t  
e x p o su re  a t  h ig h  h u m id ity  c a u se d  no v i s i b l e  i n j u r y  an d  c u r t a i l e d  g row th  
som ewhat o n ly  a f t e r  s i x  days (T a b le  3 3 ) .
T a b le  3 3 : S u r v iv a l  and  g row th  o f  P e l v e t i a  (mean ± s t a n d a r d  d e v ia t io n )
a f t e r  e x p o su re  a t  9*^0 a t  h ig h  h u m id i ty  and  a t  0^ h u m id i ty ,  
n = 5 f o r  ea ch  t r e a tm e n t ,  
i n i t i a l  r e l a t i v e  c o n d i t io n  o f
r e l a t i v e  w e i ^ t  l i n e a r  g row th  w e ig h t  g a in  t h a l l u s  a f t e r
h u m id ity  d u r a t io n  change mm/10 days i n  10 days 10 days
0% 2 days - 1 0 .4  ± 4 .1  - 1 . 1  ± 0 .5  - 9 .4  ± 5 .1  s e v e r e ly  damaged
6 days - 1 7 .5  ± 1 . 3  n o t  m easu red  n o t  m ea su red  dead
78- 93% 2 days + 1 .0  1 1 .5  2 .1  ± 0 .5  19 -2  ± 5 .1  good
6 days - 0 .1  ± 0 .8  1 .0  ± 0 .7  1 0 .3  ± 1 .9  good
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B ecause  t h e  sam p les  w ere  e q u i l i b r a t e d  o v e r  s o l u t i o n s  i n  s m a l l
j a r s  d u r in g  th e  d e s i c c a t i o n  p e r i o d ,  o n ly  a  v e ry  l i m i t e d  amount o f  odcygen 
was a v a i l a b l e  t o  them . S in c e  m ore r e s p i r a t i o n  m ig h t o c c u r  a t  -395  b a r s  
th a n  a t  p o t e n t i a l s  n e a r  -1 0 0 0  b a r s ,  t h e  p r o g r e s s iv e  d e t e r i o r a t i o n  o f  th e  
sam p les  a t  -3 9 5  b a r s  and  25°C may h av e  r e s u l t e d  d i r e c t l y  from  oaygen  
d e p le t i o n .  T h e r e f o r e ,  t h e  e f f e c t  o f  h ig h  w a te r  p o t e n t i a l  was t e s t e d  i n  
an open sy s te m . The p l a n t s  w ere  p l a c e d  o v e r  a  s o l u t i o n  o f  m agnesium  
c h lo r i d e  i n  a  5 l i t r e  ta n k  c o v e re d  w ith  c l e a r  p o ly th e n e  i n  w h ich  tw o s m a ll  
h o le s  h a d  b e e n  c u t .  An a i r  s t r e a m  was p a s s e d  th ro u g h  a  c lo s e d  b o t t l e  o f  
m agnesium  c h lo r id e  s o l u t i o n  o f  t h e  same c o n c e n t r a t io n  as  t h a t  i n  th e  
t a n k ,  and th e n  d e l i v e r e d  t o  t h e  t a n k  v i a  a  l e n g th  o f  p l a s t i c  t u b in g  i n s e r t e d  
th ro u g h  th e  in ta k e  h o l e .  T h ree  s e t s  o f  sam p les  w ere  d r i e d :  one o v e r
1 .0  M MgClg, a  se c o n d  o v e r  2 .5  M MgCl^j and  a  t h i r d  i n  an open t r a y  i n  
t h e  same room.
F i f t e e n  sam p les  o f  F. s p i r a l i s  w ere  ex p o sed  f o r  28 h o u r s ,  and  
f i f t e e n  P e l v e t i a  f o r  90 h o u r s ,  t o  each  t r e a tm e n t .  R em ain ing  w a te r  c o n te n t  
was d e te rm in e d  u s in g  f i v e  sam p les  from  each  s e t ,  and th e  o t h e r  t e n  w ere 
grown i n  u n a e r a te d  c u l t u r e  d is h e s  f o r  t e n  d a y s . R e la t i v e  h u m id ity  c o u ld  
n o t  be  d e te rm in e d  a c c u r a te l y  i n  t h e s e  open s y s te m s , b u t  th e  a p p ro x im a te  w a te r  
p o t e n t i a l s  w ere  e s t im a te d  b y  c o m p ariso n  o f  re m a in in g  w a te r  c o n te n ts  w i th  
t h e  d a ta  i n  T a b le  8 ,  s e c t i o n  3*3
Once a g a in ,  P e l v e t i a  s u f f e r e d  much more damage a t  h i g h e r  w a te r  
p o t e n t i a l s  th a n  a t  lo w e r  p o t e n t i a l s  (T a b le  3 4 ) .
.ly in g
o n d i t io n s
room
o v e r  
2.5M 
Mg 101,
o v e r  
l.OM  . 
Mg Cl,
T a b le  3 4 : R em ain ing  w a te r  c o n te n t ,  s u r v i v a l  and  g row th  o f  P e l v e t i a
(mean ± s t a n d a r d  d e v ia t io n  f o r  t e n  sa m p le s)  a f t e r  
e x p o s u re  a t  2 4 .4  -  2 9 .4 ^ 0  f o r  90  h o u rs  a t  t h r e e  d i f f e r e n t  
w a te r  p o t e n t i a l s .  A ir  c o n s ta n t ly  r e p l e n i s h e d  t o  p r e v e n t  
oxygen  d e p le t i o n .
e s t im a te d  
g w a te r  r e t a i n e d  w a te r
p e r  100g d ry  m a t te r  p o t e n t i a l
6 .9  ± 1 .1
2 2 .3  ± 2 .0
4 t .6  ± 5 .1
-1 5 0 0
-4 0 0
-2 0 0
i n i t i a l
w e ig h t
change
- 4 .6  ± 1 .7
p e r c e n t  
w e ig h t  g a in  
i n  10 days
- 1 .1  + 4 .8
- 9 .1  ± 2 .9  - 8 .6  ± 4 . 1
■20 . 7 1 2 . 5  - 21 . 2 ± 2 . 2
c o n d i t io n  o f  
t h a l l i  a f t e r  
10 days
s l i g h t l y  dam aged, 
m ost t i p s  i n  good 
c o n d i t io n .
m o d e ra te  t o  s e v e r e  
dam age, m ost t i p s  
a f f e c t e d
dead
89
F. s p i r a l i s  s u f f e r e d  s e v e r e  damage a f t e r  e x p o su re  a t  a l l  t h r e e  
w a te r  p o t e n t i a l s  (T a b le  35)* The p l a n t s  u s e d  i n  t h i s  d e te r m in a t io n  w ere  
c o l l e c t e d  20 A ugust 1 9 7 6 , a t  w h ich  t im e  th e y  w ere u n d e rg o in g  a  p r o lo n g e d ,  
i n t e n s e  d r o u # i t  s t r e s s  ( F ig u re  9 ,  f o l lo w in g  page  37 ) .  F . s p i r a l i s
sam p les  c o l l e c t e d  a t  t h i s  t im e  f o r  o t h e r  c u l t u r e  w ork showed s l i g h t  damage 
r e s u l t i n g  from  th e  n a t u r a l  s t r e s s ,  and  t h e  e x p e r im e n ta l  e x p o s u re  a p p l i e d  
im m e d ia te ly  a f t e r w a r d  a p p a r e n t ly  e x c e e d e d  th e  t o l e r a n c e  l i m i t  o f  t h i s  
s p e c i e s .  I n i t i a l  w e i ^ t  l o s s  was s l i g h t l y  g r e a t e r ,  and th e  t h a l l i  becam e 
more d i s c o lo u r e d ,  a t  th e  h ig h e r  w a te r  p o t e n t i a l s .
In  c o n c lu s io n ,  t h e  r e s u l t s  o f  t h e s e  e x p e r im e n ts  s u g g e s t  t h a t  d u r in g  
e x p o su re  a t  te m p e ra tu re s  n e a r  25°C , h a rm fu l p h y s io l o g i c a l  changes o c c u r  
m ost r a p i d l y  a t  r e l a t i v e l y  h ig h  w a te r  p o t e n t i a l s .  T h e r e f o r e ,  h ig h  
h u m id ity  may b e  c o n s id e r e d  an  e c o l o g i c a l l y  im p o r ta n t  a g g r a v a t in g  f a c t o r  
d u r in g  summer h o t  s p e l l s .
T ab le  35 : R em ain ing  w a te r  c o n t e n t , s u r v i v a l  and  g row th  o f  Fucus
s p i r a l i s  (mean ± s ta n d a r d  d e v ia t io n  f o r  t e n  s a m p le s ) 
a f t e r  e x p o s u re  a t  2 4 .4  -  29 .4 °C  f o r  2 S  h o u rs  a t  t h r e e  
d i f f e r e n t  w a te r  p o t e n t i a l s .  A ir  c o n s ta n t ly  r e p l e n i s h e d  
to  p r e v e n t  oxygen  d e p le t io n .
e s t im a te d
d iy in g  grams w a te r  r e t a i n e d  w a te r
c o n d i t io n s  p e r  lOOg d ry  m a t te r  p o t e n t i a l
room  8 .7  ± 0 .5  -1 5 0 0
ev er 
2 .5  M 
MgClg
)v e r  
1 .0  M 
MgCl^
2 3 .4  ± 3 .3
5 3 .9  ± 2 .5
-4 0 0
-2 0 0
i n i t i a l  p e r c e n t  
w e ig h t w e i ^ t  g a in  
i n  10 dayschange 
■11.0 ± 1 .
- 1 2 .5  ± 2 .
- 1 4 .2  ± 3 .3
c o n d i t io n  o f  
t h a l l i  a f t e r  
10 days______
m ost o f  t h a l l u s
somewhat
d i s c o lo u r e d
- 1 2 .5  ± 3*5  m ost o f  t h a l l u s  
d i s c o lo u r e d
-i 6 .1 ± 5 * 1  - i 4 . 8 ± 7 . 5  m ost o f  t h a l l u s
v e ry  d i s c o lo u r e
3 .7  The e f f e c t  o f  r a i n f a l l  d u r in g  low t i d e  upon fu c o id s
The c o m b in a tio n  o f  h ig h  te m p e ra tu re  and  h u m id ity  i s  r e a l i z e d  in  th e  
e x trem e  d u r in g  v e ry  warm r a i n s ,  su ch  as th o s e  w h ich  o c c u r r e d  i n  A ugust 1975 
(F ig u re  7s f o l lo w in g  p ag e  37 ) .  The e f f e c t  o f  su ch  u n u s u a l ly  warm r a i n s  
upon e x p o sed  fu c o id s  was i n v e s t i g a t e d  by  s im u la t in g  th e s e  c o n d i t io n s  i n  th e
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l a b o r a t o r y .  Ten p l a n t s  each  o f  %. s p i r a l i s  and  P e l v e t i a  w ere  s u b j e c t e d  
t o  each  o f  two t r e a t m e n t s .  One s e t  was a t t a c h e d  t o  a  P e r s p e x  p l a t e  and 
p l a c e d  i n  an empty f i v e - l i t r e  t a n k  t h a t  was m a i n t a i n e d  a t  9 °C u n d e r  a  
1 6 - 8  h o u r  l i g h t / d a r k  c y c l e  i n  t h e  c u l t u r e  room. The p l a n t s  w ere  s p r a y e d  
tw e n ty  t im e s  o v e r  a  f o r t y - e i g h t  h o u r  p e r i o d  w i th  d i s t i l l e d  w a t e r  from  an 
a to m iz e r .  The p l a t e  was s u p p o r t e d  on l a r g e  t e s t  t u b e s  l a i d  i n  t h e  
t a n k  so  t h a t  t h e  p l a n t s  d i d  n o t  become subm erged  as t h e  w a t e r  a c c u m u la te d  
i n  t h e  b o t to m  o f  t h e  t a n k .  In  t h i s  way, t h e  p l a n t s  w ere  k e p t  f u l l y
h y d r a t e d  by  c o n t a c t  w i t h  f r e s h  w a t e r  o n l y ,  as  t h e y  a r e  i n  n a t u r e  when
s m a l l  t i d e s  c o i n c i d e  w i t h  w e t  w e a t h e r .  A s e c o n d  s e t  r e c e i v e d  t h e  same 
t r e a t m e n t  a t  25°C. T h is  was done b y  p l a c i n g  b o t h  t h e  t a n k  and  th e  
a to m iz e r  i n  a  w a t e r  b a t h  r e s t i n g  on t h e  same s h e l f  as t h e  f i r s t  t a n k .
I n  t h e  e v e n in g ,  t h e  w a t e r  b a t h  t e m p e r a t u r e  was l o w e re d  t o  16  t o  17°C 
w hich  i s  c l o s e  t o  t h e  h i g h e s t  n i g h t t i m e  minima o b s e rv e d  a t  I s l e  o f  
Cumbrae ( F ig u r e s  7 and  9 , f o l l o w i n g  page  37 ) .  A l l  tw e n ty  s p r a y i n g s
w ere  done i n  t h e  day w i t h  t h e  w a t e r  b a t h  a t  25^C. The t o t a l  amount o f  
w a t e r  s p r a y e d  on e ach  s e t  o f  p l a n t s  was a b o u t  1 . 3 7  l i t r e s ,  e q u i v a l e n t
t o  a  r a i n f a l l  o f  30.4mm when a p p l i e d  o v e r  t h e  a r e a  o f  t h e  b o t to m  o f  t h e
t a n k .  T h is  i s  a  r e a l i s t i c  amount o f  r a i n  o v e r  a  two day p e r i o d  f o r  
I s l e  o f  Gumbrae ( F ig u r e s  5“ 9 ) .
The e x p e r i m e n t a l  p l a n t s  an d  t e n  c o n t r o l  p l a n t s  o f  e a c h  s p e c i e s  w ere  
c u l t u r e d  f o r  t e n  days i n  a e r a t e d  t a n k s .  At t h e  end  o f  t h e  c u l t u r e  
p e r i o d  p e r c e n t  d ry  m a t t e r  was m ea su red  as w e l l  a s  f r e s h  w e i g h t .  The 
s i m u l a t e d  r a i n  h a d  l i t t l e  e f f e c t  on P e l v e t i a  a t  e i t h e r  t e m p e r a t u r e  
(T a b le  3 6 ) .  The c o n t r o l  p l a n t s  showed s l i ^ t  damage owing t o  s e v e r e  
d e s i c c a t i o n  i n  n a t u r e  j u s t  p r i o r  t o  c o l l e c t i o n  o f  t h e  s a m p le s .
T a b le  36 : P e r c e n t  d ry  m a t t e r , s u r v i v a l  and  g row th  o f  P e l v e t i a
(mean ± s t a n d a r d  d e v i a t i o n )  a f t e r  e x p o s u re  t o  s i m u l a t e d  
r a i n f a l l  a t  9 a nd a t  25°C. n= 10 f o r  each  t r e a t m e n t
t r e a t m e n t
% w e ig h t  
change 
i n  10 davs
l i n e a r  
g row th  i n  
10  days
c o n d i t i o n  o f  
t h a l l i  a f t e r  
10  days
%
d ry
m a t t e r
" r a i n "  a t  
25°C 1 3 . 8  ± 3 . 8 1 . 3  ± 0 . 8  . s l i g h t  damage 3 1 .1  ± 1 . 3
" r a i n "  a t  
9°C 1 9 . 8  ± 4 .0 1 . 7  ± 0 . 5 v e ry  s l i g h t  damage 3 0 .4  ± 1 .4
c o n t r o l 9 . 9  ± 2 .2 1 .3  ± 0 .6 v e ry  s l i g h t  damage 3 2 .0  ± 0 .6
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The s i m u l a t e d  r a i n  c a u s e d  l a r g e ,  g a s - f i l l e d  s w e l l i n g s  t o  fo rm  on t h e  
t h a l l i  o f  Fucus s n i r a l i s . , Such s w e l l i n g s  o f t e n  o c c u r  i n  Fucus sp p .  
g row ing  on s h o r e s  w hich  a r e  e x p o s e d  t o  f r e s h  o r  b r a c k i s h  w a t e r .  On t h e  
e x p e r i m e n t a l  p l a n t s , t h e y  p e r s i s t e d  and  became w a t e r l o g g e d  d u r in g  t h e  t e n  
day c u l t u r e  p e r i o d .  T h is  c a u s e d  a  c o n s i d e r a b l y  lo w e r  p e r c e n t  d ry  
m a t t e r  com pared w i t h  c o n t r o l s , and  a  s p u r i o u s l y  h i g h  r e l a t i v e  w e ig h t  g a in  
(T a b le  3 7 ) .  J u d g in g  f ro m  t h e  l i n e a r  g row th  and  t h e  e x t e n t  o f  damage t o  
t h e  t h a l l i ,  t h e  " r a i n "  was a t  m ost s l i g h t l y  h a rm f u l  t o  F . s p i r a l i s  even  
a t  25°C. A p p a r e n t l y ,  e x p o s u re  t o  h i g h  summertime t e m p e r a t u r e s  i s  much 
l e s s  h a rm f u l  when t h e  t h a l l u s  i s  w e t  t h a n  when i t  i s  e q u i l i b r a t e d  a t  - 1 0 0  
t o  - 4 0 0  b a r s  w a t e r  p o t e n t i a l .  I t  i s  a l s o  c l e a r  t h a t  e x p o s u re  o f  f u l l y  
h y d r a t e d  p l a n t s  t o  r a i n f a l l  does n o t  c o n s t i t u t e  an  e c o l o g i c a l l y  c r i t i c a l  
s t r e s s ,  e i t h e r  i n  w i n t e r  o r  i n  summer.
T a b le  3 7 • P e r c e n t  d r y  m a t t e r ,  s u r v i v a l  and  g row th  o f  Fucus
s p i r a l i s  (mean ± s t a n d a r d  d e v i a t i o n )  a f t e r  e x p o s u re
t r e a t m e n t
" r a i n "  a t  
25°C
" r a i n "  a t  
9°C
C o n t r o l
t o  s i m u l a t e d  r a i n f a l l  a t  9*^0 and  a t  25°C. 
n = 10 f o r  e ach  t r e a t m e n t .
% w e i ^ t  
change 
in  10.....da.Y.a
4 0 . 2 ^ 1 9 . 8
l i n e a r  
g row th  i n  
10 days
2 . 6  ± 1 . 1
55 -7  - 1 8 . 2  3 .2  -  1 . 6
1 5 . 5  ± 5 . 6  3 .6  ± 1 . 7
c o n d i t i o n  o f  %
t h a l l i  a f t e r  d ry
10 days  m a t t e r
s l i g h t l y
damaged. 2 3 . 8 - 3 . 4
t i p s  s l i g h t l y  
b u r n e d  i n  7 
p l a n t s ,
s l i g h t l y
damage d . 2 2 . 8 - 2 . 2
t i p s  s l i g h t l y  
b u r n e d  i n  4 
p l a n t s
s l i g h t l y  2 8 . 0  ± 1 . 4
damaged.
t i p s  s l i ^ t l y
b u r n e d  i n  1
p l a n t
no . o f  p l a n t £ 
w i t h  w a t e r y  
s w e l l i n g s  
a t  end  o f  
c u l t u r e  periffl
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The e f f e c t  o f  sudden  r a i n f a l l  upon d e s i c c a t e d  seaw eeds was 
i n v e s t i g a t e d  i n  F. s p i r a l i s . Ten p l a n t s  w ere  s u b j e c t e d  t o  each  o f  
f i v e  t r e a t m e n t s  :
(1 )  D r ie d  f o r  e i g h t  h o u r s  tw e n ty  m in u t e s ,  t h e n  im m e d ia te ly  do u sed
f o r  t h i r t y  m in u te s  w i t h  f r e s h  w a t e r  d e l i v e r e d  v i a  a  w a t e r i n g  can r o s e  
c o n n e c te d  t o  a  t a p . .
( 2 ) D r ie d  f o r  one h o u r  f i v e  m in u t e s ,  t h e n  w a te r e d  f o r  t h i r t y  m in u t e s ,  
as above .
( 3 ) D r ie d  f o r  e i g h t  h o u r s  t h i r t y - f i v e  m in u te s .
(4 )  W ate red  f o r  t h i r t y  m in u te s .
( 5 ) C o n t r o l s ,  k e p t  i n  s e a  w a t e r  a t  9^C.
The d r y in g  was c a r r i e d  o u t  a t  2 4 .5  "  2 6 .T °C , w a t e r  p o t e n t i a l  -9 5 0  
t o  -1 0 7 0  b a r s .  O th e r  sam p les  o f  F. s p i r a l i s  w ere  d r i e d  s i m u l t a n e o u s l y  
t o  m easu re  r e m a in in g  w a t e r  c o n t e n t .  The p l a n t s  were a i r - d r y  a f t e r  
e i g h t  h o u r s  tw e n ty  m in u te s  (3.3% ± 0 .4 %  o f  w a t e r  c o n t e n t  r e m a in i n g ,  1 1 .6  ± 
0 .4  g w a te r / lO O  g d ry  m a t t e r ) ,  b u t  c o n t a i n e d  a  c o n s i d e r a b l e  amount o f  
" v o l a t i l e  w a t e r "  a f t e r  one h o u r  f i v e  m in u te s  ( l 6 . 3  ± 1 .1 %  o f  t o t a l  w a t e r  
c o n t e n t ,  58 .6  ± l 8 . 6  g w a te r / lO O  g d ry  m a t t e r ) .
The t a p  w a t e r  was a b o u t  l4 ^ C . The r a t e  a t  w h ich  i t  was s p r a y e d  on 
t h e  p l a n t s  by  t h e  w a t e r i n g  can  r o s e  was much t o o  g r e a t  t o  r e a l i s t i c a l l y  
s i m u l a t e  n o rm a l  r a i n f a l l .  How ever, t h i s  e x p e r im e n t  r o u g h ly  s i m u l a t e d  
th e  c o n d i t i o n s  p r o d u c e d  i f  a  sudden  h e a v y  show er o c c u rs  im m e d ia te ly  
a f t e r  a  h o t  sunny p e r i o d .
D ry in g  f o r  e i g h t  h o u r s  c a u s e d  a  s l i g h t  b u t  s i g n i f i c a n t  d e c r e a s e  i n  
g row th  r a t e ,  and  t h i s  e f f e c t  was much more p ro n o u n c e d  when t h e  a lg a e  
w ere  w a t e r e d  f o r  t h i r t y  m in u te s  im m e d ia te ly  a f t e r  d r y in g  (T a b le  3 8 ) .  
W a te r in g  a lo n e  o r  f o l l o w i n g  p a r t i a l  d e s i c c a t i o n  h a d  l i t t l e  e f f e c t .  
T h e r e f o r e ,  r a i n f a l l  i s  an e c o l o g i c a l l y  im p o r ta n t  a g g r a v a t i n g  f a c t o r  
when i t  f a l l s  upon t h e  f u c o i d s  when t h e y  a r e  v e ry  d r y .
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T a b le  3 8 : Growth o f  F. s p i r a l i s  (mean ± s t a n d a r d  d e v i a t i o n )
a f t e r  d e s i c c a t i o n ,  s i m u l a t e d  h e a v y  r a i n ,  o r  b o t h .  
P l a n t s  d r i e d  a t  2 4 .5  ~ 2 6 .7 ° C ,  w a t e r  p o t e n t i a l  
“950  t o  - 1 0 7 0  b a r s ,  t - v a l u e s  f o r  c o m p a r iso n  
b e tw e e n  each  t r e a t m e n t  and  t h e  c o n t r o l s ; *  = p < 0 . 0 5
p < 0 . 0 0 1 .
r e l a t i v e
T re a tm e n t n
l i n e a r  
g row th  
ram i n  12 days
w e ig h t  g a i n ,  
% i n  12 
days
c o n d i t i o n  
o f  t h a l l i  
a f t e r  12 days
d r i e d  8 h r s  20m ins 
t h e n  w a t e r e d  30 m ins
10 4 .7  ± 1 . 6  
t '=  5 . 1 2 ***
2 3 . 7  ± 9 .3
t  = 5 . 97%**
m o d e ra te  damage, t i p s  
i n  good c o n d i t i o n
d r i e d  1 h r  5 m ins 
t h e n  w a t e r e d  30 mins
10 6 . 9  ± 1 . 1  
t  = 2 . 55*
4 5 .2  ± 5 . 8  
t  = 0 . 7 3
v e r y  s l i g h t  
damage
d r i e d  8 h r s  35 mins 10 6 . 7  ± 1 . 1
t  = 2 .8 8 *
3 7 .6  ± 5 . 7  
t  = 3 . 06*
s l i g h t  damage
w a t e r e d  30 m ins , 10 6 . 9  ± 1 . 2  
t  = 2 . 49*
4 1 .3  ± 4 .5  
t  = 1 . 9 8 '
good
c o n t r o l s 10 8 .6  ± 1 .8 4 7 .6  ± 8 .6 good
3 .8  A s p e c ts  o f  d ro u g h t  t o l e r a n c e  and  d rough t  h a r d e n i n g  i n  u p s h o re
f u c o i d s .
I n  t h e  p r e c e d i n g  s e c t i o n s  , d u r a t i o n  o f  e x p o s u re  t o  a  d e s i c c a t i n g  
a tm o sp h e re  h a s  b e e n  i d e n t i f i e d  as  t h e  p r im a ry  c r i t i c a l  f a c t o r  i n  
d e te r m i n in g  u p p e r  l i m i t s  o f  f u c o i d s ,  and  h i g h  t e m p e r a t u r e  t o g e t h e r  w i t h  
h ig h  h u m id i ty  and sudden  show ers  a s  s e c o n d a ry  f a c t o r s . F u r t h e r  
e x p e r im e n t s  w ere  u n d e r t a k e n  t o  l e a r n  more a b o u t  t h e  m echanism s b y  w hich  
t h e  u p s h o re  f u c o i d s  have  a d a p te d  t o  t h e  p r o lo n g e d  e x p o s u re s  t h e y  m ust 
e n d u r e .
3 . 8 . 1  R a te  o f  r e i m b i b i t i o n  o f  w a t e r  a f t e r  r e s u b m e rs io n
The u p s h o re  f u c o i d s  n o t  o n ly  e n d u re  s e v e r e  d e h y d r a t i o n ,  b u t  a l s o  
a r e  subm erged  o n ly  f o r  b r i e f  p e r i o d s  o f  t im e .  S in c e  m e t a b o l i c  p r o c e s s e s  
n e c e s s a r y  t o  g row th  n o r m a l ly  t a k e  p l a c e  o n ly  when t h e  t i s s u e s  a r e  f u l l y  
h y d r a t e d ,  t h e  a b i l i t y  t o  r e a b s o r b  w a t e r  r a p i d l y  upon re su b m e rg e n c e  i s  an
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i m p o r ta n t  a s p e c t  o f  d ro u g h t  t o l e r a n c e  i n  u p s h o re  f u c o i d s .  As s u b m e rs io n s  
a r e  p a r t i c u l a r l y  b r i e f  i n  t h e  P e l v e t i a  zone t h i s  s p e c i e s  * r a t e  o f  
r e i m b i b i t i o n  was com pared w i t h  t h a t  o f  Fucus s p i r a l i s . F iv e  p l a n t s  o f  
each  s p e c i e s  w ere  d r i e d  i n  t h e  warm c u l t u r e  room f o r  one h o u r ,  f i v e  f o r  
two and  o n e - h a l f  h o u r s ,  and  f i f t e e n  f o r  a b o u t  tw e n ty  h o u r s .  Each s e t  
was w e ig h e d  b e f o r e  and  a f t e r  d r y i n g ,  and  a g a in  p r e c i s e l y  t h i r t y  m in u te s  
a f t e r  r e s u b m e rs io n  i n  s e a w a te r  a t  8 -10°C . The p e r c e n ta g e  o f  t h e  w a t e r  
l o s s  r e g a i n e d  was c a l c u l a t e d  as  f o l l o w s :
(w e ig h t  t h i r t y  m in u te s  a f t e r  r e s u b m e r s i o n ) - ( w e ig h t  a f t e r  d r y in g )  ^  poO% 
(wet w e i g h t )  -  ( w e i ^ t  a f t e r  d r y in g )
A f t e r  one h o u r  d r y i n g , b o t h  s p e c i e s  r e g a i n e d  c l o s e  t o  two t h i r d s  o f  
t h e i r  t i s s u e  w a t e r  l o s s  d u r in g  t h i r t y  m in u te s  re s u b m e rg e n c e .  F . s p i r a l i s  
r e im b ib e d  a p r o g r e s s i v e l y  s m a l l e r  f r a c t i o n  o f  i t s  t i s s u e  w a t e r  d e f i c i t  as 
t h e  l e n g t h  o f  e x p o s u re  was i n c r e a s e d ,  w h i l e  P e l v e t i a  r e a b s o r b e d  t h e  same 
p r o p o r t i o n  r e g a r d l e s s  o f  t h e  d u r a t i o n  o f  e x p o s u re  (T a b le  3 9 ) .
T ab le  39 : Mean ± s t a n d a r d  d e v i a t i o n  o f  p e r c e n t  o f  w a t e r  l o s s
r e g a i n e d  by  P e l v e t i a  and  F_, s p i r a l i s  d u r in g  t h i r t y  
m in u te s  re su b m e rg e n c e  a f t e r  d r y in g  a t  25" 26°C , w a t e r  
p o t e n t i a l  -9 4 0  t o  -1 1 0 0  b a r s ,  f o r  d i f f e r e n t  l e n g t h s  
o f  t im e .
, , . „ p e r c e n t  o f  w a t e r  l o s s  r e im b ib e dd u r a t i o n  o f  ^
e x p o s u re  n  P e l v e t i a  F. s p i r a l i s
1 h o u r  5 6 5 .5  ± 2 .6  6 1 . 4  ± 4 .4
2 i  h o u r s  ' 5 6 6 .6  ± 2 .9  5 5 .3  ± 4 .8
20 h o u r s  15 6 4 .9  ± 2 .7  5 0 .8  ± 4 .4
( p l a n t s  
a i r - d r y )
I n  a  s e c o n d  e x p e r i m e n t , f i v e  sam p les  each  o f  P e l v e t i a , F . s p i r a l i s  
and  F.. s e r r a t u s  w ere  d r i e d  f o r  f i v e  h o u r s ,  r e  subm erged  and  w e ig h e d  a f t e r  
o n e - h a l f ,  o n e ,  two and  f o u r  h o u r s ’ r e c o v e r y ,  and  a g a in  t h e  n e x t  m o rn ing .
In  a l l  t h r e e  s p e c i e s  m ost o f  t h e  t o t a l  r e i m b i b i t i o n  o c c u r r e d  w i t h i n  
t h i r t y  m in u te s .  However, w h i l e  P e l v e t i a  r e p l a c e d  a lm o s t  i t s  e n t i r e  
w a t e r  l o s s  w i t h i n  o n ly  f o u r  h o u r s ,  n e i t h e r  Fucùs s p e c i e s  e x c e e d e d  70 
p e r c e n t  r e p la c e m e n t  w i t h i n  t w e n t y - f o u r  h o u r s , n o r  gave any i n d i c a t i o n
95
t h a t  t h e y  w ould  do so  s u b s e q u e n t ly  (F ig u r e  2 6 ) .  T h is  w e ig h t  l o s s  i n  
Fucus f o r e t o l d  t h e  s e v e r e  damage w hich  became e v i d e n t  a f t e r  t e n  days i n  
c u l t u r e , w h e reas  P e l v e t i a  r e m a in e d  h e a l t h y  and  grew r a p i d l y  w i t h i n  t h e  
same p e r i o d .  The q u e s t i o n  o f  w h e th e r  t h e  e n t i r e  w e ig h t  l o s s  can  be
a t t r i b u t e d  t o  in c o m p le t e  r e a b s o r p t i o n  o f  w a te r  w i l l  b e  c o n s i d e r e d  i n  t h e  
f o l l o w i n g  s e c t i o n .
3 . 8 . 2  Causes o f  t h e  i n i t i a l  w e ig h t  l o s s
When a d e s i c c a t e d  a l g a  i s  r e s u b m e rg e d ,  i t  may n o t  r e t u r n  t o  i t s  
o r i g i n a l  w e ig h t  e i t h e r  b e c a u s e  i t  does n o t  r e a b s o r b  a l l  t h e  w a t e r  i t  h a s  
l o s t ,  o r  b e c a u s e  i t  l o s e s  o t h e r  s u b s t a n c e s  from  i t s  t i s s u e s  i n t o  t h e  
s u r r o u n d i n g  s e a  w a t e r .  I n  o r d e r  t o  d e te rm in e  w hich  o f  t h e s e  p r o c e s s e s  
c a u se s  most o f  t h e  i n i t i a l  w e ig h t  l o s s ,  d ry  w e ig h ts  b e f o r e  and  a f t e r  
r e i m b i b i t i o n  f o l l o w i n g  d e s i c c a t i o n  w ere  com pared . Twenty p l a n t s  e ach  
o f  P e l v e t i a  and  s p i r a l i s  w ere  w e ig h e d  and  d i v i d e d  i n t o  two g ro u p s  o f
t e n  p l a n t s  e a c h .  The p l a n t s  i n  g roup  A were d r i e d  o v e r  s i l i c a  g e l  t o
o b t a i n  t h e  p e r c e n t  d ry  m a t t e r  ( p a r a m e te r  A i n  T a b le  Uo). The p l a n t s  i n  
g roup  B w ere  a i r - d r i e d  f o r  t w e n t y - f o u r  h o u r s ,  s o a k e d  o v e r n i g h t  i n  s e a  
w a t e r ,  r e w e ig h e d ,  d r i e d  o v e r  s i l i c a  g e l ,  and w e ig h e d  a g a in .  The p e r c e n t  
d ry  m a t t e r  i n  t h e  r e s o a k e d  p l a n t s  ( p a r a m e te r  B, T a b le  Uo) was c a l c u l a t e d  
a s  f o l l o w s  ;
(w e ig h t  a f t e r  d r y in g  and  r e s o a k i n g ) ^  qoo^
(d ry  w e i g h t )
The r a t i o  o f  t h e  d ry  w e ig h t  t o  t h e  f r e s h  w e ig h t  b e f o r e  a i r - d r y i n g  was 
a l s o  c a l c u l a t e d  as  a  p e r c e n t a g e  ( p a r a m e te r  G, T ab le  Uo). T h is  
d e t e r m i n a t i o n  was c a r r i e d  o u t  t h r e e  t im e s  a t  d i f f e r e n t  t e m p e r a t u r e s  and 
w a t e r  p o t e n t i a l s .
I n c o m p le te  r e a b s o r p t i o n  o f  w a t e r  d u r in g  r e s o a k i n g  w ou ld  p ro d u c e  a 
h i g h e r  p e r c e n t  d ry  m a t t e r  a f t e r  r e c o v e r y  ( p a r a m e te r  B) t h a n  b e f o r e  a i r -  
d r y in g  ( p a r a m e te r  A ) . Such in c o m p le te  r e a b s o r p t i o n  w ou ld  c a u se  an 
i n i t i a l  w e ig h t  change e q u a l  t o  - i j  x  100%. Loss o f  some o f  t h e  
d ry  m a t t e r  i t s e l f  d u r in g  r e s o a k i n g  a f t e r  a i r - d r y i n g  w ou ld  b e  r e v e a l e d  
by  a  v a lu e  o f  p a r a m e t e r  C lo w e r  t h a n  p a r a m e te r  A, s i n c e  C i s  t h e  r a t i o  o f  
d ry  m a t t e r  r e m a in in g  i n  t h e  p l a n t  a f t e r  a i r - d r y i n g  and  r e s u b m e rs io n  t o  
t h e  o r i g i n a l  w et w e i g h t .  Loss o f  s u b s t a n c e s  from  t h e  t i s s u e  w ou ld  c a u se
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Can i n i t i a l  w e ig h t  change  e q u a l  t o  (— - 1  ) x 100%. The d e r i v a t i o n  o f  
t h e s e  fo rm u la e  a r e  g iv e n  i n  A ppend ix  F.
The t o t a l  i n i t i a l  w e ig h t  change i n  P e l v e t i a  was t o o  s m a l l  i n  a l l  
t h r e e  d e t e r m i n a t i o n s  f o r  e i t h e r  p a r a m e t e r  B o r  C t o  d i f f e r  s i g n i f i c a n t l y  
f rom  A. H ow ever, b o t h  i n c o m p le te  r e i m b i b i t i o n  and l o s s  o f  t i s s u e  d ry  
m a t t e r  d u r in g  r e s o a k i n g  a p p a r e n t l y  c o n t r i b u t e d  t o  t h e  l a r g e r  i n i t i a l  
w e ig h t  l o s s e s  o b s e r v e d  i n  F. s p i r a l i s  (T a b le  4o).  Loss o f  t i s s u e  
s u b s t a n c e  was p a r t i c u l a r l y  i m p o r t a n t  a f t e r  t h e  m ost s e v e r e l y  dam aging 
e x p o s u re .
C o l l a p s e  o f  t h e  c e l l s  d u r in g  d e h y d r a t io n  c a u s e s  m e c h a n ic a l  s t r e s s  
i n  c e l l  membranes w h ich  may l e a d  t o  damage and i n c r e a s e d  p e r m e a b i l i t y  
( L e v i t t  19T 2) . Such membrane damage r e s u l t s  i n  b o t h  in c o m p le te  
r e a b s o r p t i o n  o f  w a t e r  and  t h e  l o s s  o f  i n t r a c e l l u l a r  s o l u t e s .  S in c e  a  
h i g h  d ry  m a t t e r  c o n t e n t  l e s s e n s  t h e  d e g re e  o f  c o l l a p s e  d u r in g  d e h y d r a t i o n ,  
i t  may s i g n i f i c a n t l y  r e d u c e  t h e  damage. T h e r e f o r e ,  t h e  r o l e  o f  d ry  
m a t t e r  c o n t e n t  i n  d r o u ^ t  r e s i s t a n c e  o f  f u c o id s  was i n v e s t i g a t e d  i n  
g r e a t e r  d e t a i l .
3 * 8 .3  The r e l a t i o n s h i p  b e tw e e n  p e r c e n t  d ry  m a t t e r  and  d r o u g h t  t o l e r a n c e
F i f t y  p l a n t s  o f  Fucus s p i r a l i s  w ere  w e ig h e d ,  d r i e d  f o r  f o r t y - t w o  
h o u r s  i n  t h e  warm c u l t u r e  room , and  re w e ig h e d .  They w ere  t h e n  grown f o r  
t e n  days i n  a e r a t e d  c u l t u r e  t o  o b s e rv e  t h e  e f f e c t s  o f  t h e  l e n g t h y  e x p o s u re .  
The i n i t i a l  w e ig h t  l o s s ,  p e r c e n t  w e ig h t  g a in  o v e r  t e n  d a y s ,  and  t h e  
s u r v i v a l  i n d e x  w ere  c a l c u l a t e d  f o r  e a c h  p l a n t .  The p l a n t s ’ i n i t i a l  
p e r c e n t  d ry  m a t t e r  c o u ld  n o t  b e  d e te r m in e d  b e c a u s e  t h e y  w ere  r e s o a k e d  
and  c u l t u r e d  a f t e r  b e i n g  a i r - d r i e d  i n  t h e  warm room. T h e r e f o r e ,  t h e  
p a r a m e te r s  o f  s u r v i v a l  w ere  r e l a t e d  t o  t h e  r a t i o  o f  a i r - d r y  w e ig h t  t o  
o r i g i n a l  w e t w e i g h t .  S in c e  t h e  v a r i a n c e  o f  c o l l o i d a l  w a t e r  c o n t e n t  
m ea su red  a t  low w a t e r  p o t e n t i a l s  i s  g e n e r a l l y  q u i t e  s m a l l  (T a b le  8 ,  page  
^  , t h e  r a t i o  o f  a i r - d r y  w e ig h t  t o  w e t w e ig h t  b e a r s  a  r o u g h ly  c o n s t a n t
r e l a t i o n s h i p  t o  t h e  p e r c e n t  d ry  m a t t e r ,  and can  b e  c o n s i d e r e d  a  r e l i a b l e  
i n d e x  o f  d iy  m a t t e r  c o n t e n t .
A v e ry  s t r o n g  c o r r e l a t i o n  was o b s e r v e d  b e tw e en  t h e  a i r - d r y  t o  w et 
w e ig h t  r a t i o  and  a l l  t h r e e  p a r a m e t e r s  o f  s u r v i v a l  ( F ig u r e s  2 7 - 2 9 ) .
P l a n t s  i n  w hich  t h e  a i r - d r y  t o  w e t  w e ig h t  r a t i o  was n e a r  20% w e re  k i l l e d .
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F ig u r e  27. R e l a t i o n s h i p  b e tw e e n  i n i t i a l  w e ig h t  l o s s  and r a t i o  o f  
a i r - d r y  w e ig h t  t o  w e t w e ig h t  i n  f i f t y  p l a n t s  o f  F. st_: 
d r i e d  f o r t y - t w o  h o u r s  a t  2 5 .6 - 2 7 .1  C, w a t e r  p o t e n t i a l  
t o  -9 9 0  b a r s .  C o r r e l a t i o n  c o e f f i c i e n t  0 . 8 8 1 ,  p << 0 .Cl
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F i g u r e  28 . R e l a t i o n s h i p  b e tw e e n  r e l a t i v e  w e ig h t  g a in  and  r a t i o  c;
a i r - d r y  w e ig h t  t o  w et w e ig h t  i n  f i f t y  p l a n t s  o f  F. so: 
d r i e d  f o r t y - t w o  h o u r s  a t  2 5 , 6 - 2 7 . 1 ^ 0 ,  w a t e r  p o t e n t i a l  
t o  -9 9 0  b a r s .  C o r r e l a t i o n  c o e f f i c i e n t  0 .8 3 9  p << 0 . C:
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(air-dry w t . / w e t  wt.) x 100 %
F i g u r e  29* R e l a t i o n s h i p  b e tw e e n  s u r v i v a l  i n d e x  and r a t i o  o f  a i r - d r y  
t o  w et w e ig h t  i n  f i f t y  p l a n t s  o f  ? .  s p i r a l i s  d r i e d  f o r t y -  
two h o u r s  a t  2 5 . 6  -  2T .l '^C , w a t e r  p o t e n t i a l  -6 4 5  t o  -9 9 0  
b a r s .  C o r r e l a t i o n  c o e f f i c i e n t  O . l L t ,  p < < 0 ,0 0 1 .
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w h i l e  t h o s e  n e a r  28^ w e re  o n ly  s l i g h t l y  a f f e c t e d  h y  t h e  e x p e r i m e n t a l  d r y in g .  
S in c e  d ry  m a t t e r  c o n t e n t  a p p e a r s  t o  p l a y  an. im p o r ta n t  r o l e  i n  d r o n ^ t  
t o l e r a n c e ,  t h e  f a c t o r s  i n f l u e n c i n g  t h e  o b s e rv e d  v a r i a t i o n  i n  t h i s  p a r a m e t e r  
w ere  i n v e s t i g a t e d  f u r t h e r .
I n  s e v e r a l  c u l t u r e  e x p e r i m e n t s ,  young p l a n t s  w e re  grown u n d e r  d i f f e r e n t  
c u l t u r e  c o n d i t i o n s  w h ich  p ro d u c e d  v e r y  d i f f e r e n t  g row th  r a t e s .  I n  each  
e x p e r im e n t ,  b o t h  P e l v e t i a  and  F. s p i r a l i s  showed a s t r o n g  i n v e r s e  
r e l a t i o n s h i p  b e tw e e n  p e r c e n t  d ry  m a t t e r  a t  t h e  end  o f  t h e  c u l t u r e  p e r i o d  
and  g row th  r a t e  d u r in g  t h a t  c u l t u r e  p e r i o d  (T a b le  h i ) .  R a p id  g row th  
a p p e a r s  t o  p ro d u c e  t i s s u e  w i t h  a  low  d ry  m a t t e r  c o n t e n t ,  and  p o s s i b l y  a 
low d ro u g h t  t o l e r a n c e  as  w e l l .
T a b le _ J i l :  R e l a t i o n s h i p  b e tw e e n  p e r c e n t  d ry  m a t t e r  and  r e l a t i v e
w e ig h t  g a in  p e r  day i n  P e l v e t i a  and  Fucus s p i r a l i s  
(mean ± s t a n d a r d  d e v i a t i o n ) .
P e l v e t i a
%
Fucus s p i r a l i s
experim en t and  
c o n d i t i o n s
l im u la te d  r a i n f a l l  ^
c o n t r o l s  
" r a i n " ,  25°C 
" r a i n " , 8-10°C
u b m e rs io n  e x p o s u re  
■uring l i g h t  p e r i o d . 
/1 2  h o u r  m anual t i d e
e x p o se d  d u r in g  
i l l u m i n a t i o n
subm erged  d u r in g  
i l l u m i n a t i o n
e n g th  o f  s u b m e rs io n  
nd s t r e n g t h  o f  
edium  ^
n jo d ry  m a t t e r
w e ig h t  g a in  
p e r  day n % d ry  m a t t e r
w e ig h t  g a in  
p e r  day
10 3 2 .0 ± 0 .6 0 . 9 5 + 0 .2 0 10 2 8 . 0 ± 1 .4 1 .4 4 ± 0 . 5
10 3 1 .1 + 1 .3 1 . 2 9 ± 0.3h 10 2 3 . 8 ± 3 .4 3 .3 6 ± 1 . 4 l
10 3 0 . U ± l . k 1 . 8 2 ± 0 .3 5 10 2 2 .8 ± 2 . 2 4 .4 7 ± 1 . 1 7
b
15^ 2 6 . 9  ± 0 . 8  
15^  ^ 2 5 . 3  ± 0 .6
1 . 1 6  ± 0 . 2 0  1 5 ^ 2 5 . 6  ± 1 . 5  1 . 1 5  ± 0 . 2 0
2 . 3 1  ± 0 .2 7  1 5 ^ 2 2 . 1  ± 1 . 6  2 . 6 2  ± 0 .3 5
u n e n r i c h e d ,  4 h r s / day 10 3 0 . 3 ± 0 .8 0 . 1 6 ± 0 .0 6 10 3 1 .1 + 1 . 0 - 0 . 3 2 ± 0 . 2 6
2^0 s t r e n g t h , 4 h r s / d a y 10 2 9 . 4 ± 0 . 9 0 .6 6 ± o . 4 i 9 2 8 . 1 ± 0 .5 1 . 2 7 ± 0 .3 3
/5  s t r e n g t h ,  4 h r s / d a y 10 2 8 . 4 ± 1 . 5 1 . 2 3 0 .3 1 10 2 4 .3 ± 1 . 6 2 .1 4 ± 0 . 6 1
u n e n r i c h e d ,2 0 h r s / d a y 10 2 7 . 1 + 1 . 2 1 .1 3 ± 0 .3 8 10 2 5 . 4 + 1 .6 2 .2 2 ± 0 .4 2
/20  s t r e n g t h , 2 0 h r s / d a y 9 2 5 . 1 ± 2 .4 2 .1 9 ± 0 .6 1 9 2 1 .4 ± 1 .1 2 . 7 6 + 0 .4 4
/5 s t r e n g t h ,  2 0 h r s / day - - 9 1 9 . 7 + 0 .9 2 .8 6 ± 0 .5 5
a e x p e r im e n t  d e t a i l e d  i n  s e c t i o n  3 -7  
b e x p e r im e n t s  d e t a i l e d  i n  s e c t i o n  3 .9  
c n=5 f o r  p e r c e n t  d ry  m a t t e r  d e t e r m i n a t i o n .
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S e a s o n a l  v a r i a t i o n  h a s  b e e n  r e p o r t e d  i n  g row th  r a t e s  ( K n i ^ t  & P a rk e  
1 9 5 0 , Subrahmanyan I 9 6 0 ,  I 9 6 1 ) and  i n  d ry  m a t t e r  c o n te n t  ( B e r a r d - T h e r r i a u l t  
& C a r d i n a l ,  19T 3a , B la c k  1 9 4 8 a ,  1 9 4 9 a ) ,  w hich  s u g g e s t s  t h a t  d ro u g h t  
r e s i s t a n c e  m ig h t  a l s o  v a ry  s e a s o n a l l y .  A l t h o u ^  m o n th ly  m easu rem en ts  
o f  p e r c e n t  d ry  m a t t e r  and  d e s i c c a t i o n  t o l e r a n c e s  w e re  n o t  t a k e n ,  t h e  
r e s u l t s  from  a  l a r g e  number o f  o t h e r  e x p e r im e n t s  y i e l d e d  some i n f o r m a t i o n  
on changes  i n  t h e s e  p a r a m e t e r s  b e tw e e n  J a n u a r y  and  S e p te m b e r .  U n f o r u n a t e l y , 
no m easu rem en ts  w ere  t a k e n  d u r in g  t h e  l a s t  q u a r t e r  o f  t h e  y e a r .  Dry 
m a t t e r  c o n te n t  was l o w e s t  i n  J a n u a r y - M a r c h , and  h i g h e s t  i n  summer. T h is  
d i f f e r e n c e  was m ost p ro n o u n c e d  i n  P e l v e t i a , w hich  r e a c h e d  28-30% d ry  m a t t e r  
i n  J u n e -S e p te m b e r  ( F i g . 3 0 ) .  D ro u g h t  t o l e r a n c e  a l s o  i n c r e a s e d  d u r in g  
summer months ; how ever  t h i s  t r e n d  was most e v id e n t  i n  Fucus s p i r a l i s  
(T a b le  4 2 ) .
T a b le  4 2 : S e a s o n a l  v a r i a t i o n  i n  d ro u g h t  r e s i s t a n c e  i n  P e l v e t i a
and  Fucus s p i r a l i s . 0 = p l a n t s  n o t  a f f e c t e d  t  -  p l a n t s
s l i g h t l y  damaged t t  = p l a n t s  q u i t e  damaged b u t  s u r v i v i n g  
t t t  = p l a n t s  k i l l e d .  P e r c e n t  d ry  m a t t e r  c o n t e n t s  
i n d i c a t e d  i n  p a r e n t h e s e s  r e p r e s e n t  means o f  f i v e  t o  t e n  
sam p les  c o l l e c t e d  from  same p l a c e  on same day as  t e s t  
p l a n t s .
D u r a t i o n  o f  e x p o s u re  a t  2 4 -2 9 °C , 30-60% r e l a t i v e  h u m id i ty  
4 -6  h o u r s  1 0 -2 0  h o u r s  2 4 -3 0  h o u r s  40 -50  h o u r s  3~4 days 6 days
P e l v e t i a
J  anuary  0 0
F eb ru a ry  0
March 0 t
A p r i l  t
May 0
J u n e  t  t  + ( 23- 25%
0 + ( 29%)
A ugust 0
t t
Septem ber 0 0 0 f t
Fucus s p i r a l i s
J a n u a r y  ++ +++
F e b r u a r y  ++
March +++(20.7% ) +++
A p r i l  ++
May 0 t+
+
June  + t(2 0 .9 % )
t t
A ugus t  t t
t t t ( 2 6 . 6 - 2 7 . 3 % )  
t t
S ep tem b er  + t t  t t t  t t t
3 0 o
o
©
o
o
26 o
o
fC
>1
V -
~a
'4~*C
CD
U
CD
CL
O
A
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O o
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&
A A
A. A
18 AA
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F ig u re  30. Mean p e rc e n t  d ry  m a t te r  in  sam ples o f  h to  25 p la n ts  o f  
P e lv e t i a  (o) and F. s p i r a l i s  (A) c o l l e c t e d  a t  d i f f e r e n t  
tim e s  o f  y e a r .  S ta n d a rd  d e v ia tio n s -  (n o t shown on g rap h ) 
v a r ie d  betw een  ± 0 , 5  and ±2.5%  d ry  m a t te r .  S o l id  symbol 
r e p r e s e n t s  saiaple c o l l e c t e d  d u rin g  s e v e re  n a tu r a l  d e s ic c a t io n .
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T h is  s p e c i e s  was k i l l e d  by  tw e lv e  t o  tw e n ty  h o u r s  e x p o s u re  i n  t h e  warm 
room i n  J a n u a ry -M a rc h ,  b u t  s u r v i v e d  up t o  f o r t y - t w o  h o u r s  d u r in g  t h e  
summer m on ths .  T h is  s u g g e s t s  t h a t  t i d a l  e x p o s u re  d u r in g  p r o g r e s s i v e l y  
warmer w e a th e r  i n  s p r i n g  and  e a r l y  summer c a u se s  a  d r o u g h t - h a r d e n in g  
p r o c e s s  t o  o c c u r  i n  t h e  f u c o i d  t i s s u e s .
The d ry  m a t t e r  c o n t e n t  does n o t  c o r r e l a t e  c o n s i s t e n t l y  w i th  d ro u g h t  
r e s i s t a n c e  (T a b le  4-2). Sam ples o f  P e l v e t i a  c o l l e c t e d  i n  June  1976 w hich  
ha d  o n ly  23-25% d ry  m a t t e r  w ere  fo u n d  n e a r l y  as  d ro u g h t  t o l e r a n t  a s  o t h e r  
sam ples  c o l l e c t e d  i n  t h e  same month w hich  c o n ta i n e d  29% d ry  m a t t e r .  A l s o ,  
a  June  sam ple  o f  Fucus s p i r a l i s  was f a r  more d ro u g h t  t o l e r a n t  t h a n  a  March 
sam ple  o f  s i m i l a r  d r y  m a t t e r  c o n t e n t ,  and  s l i g h t l y  more h a r d y  t h a n  an 
A ugust  sam ple  w h ich  h a d  a  much h i g h e r  d ry  m a t t e r  c o n t e n t .  A p p a r e n t ly  
some e n v i r o n m e n ta l  c o n d i t i o n s  may c a u s e  an i n c r e a s e  o r  d e c r e a s e  i n  d ry  
m a t t e r  c o n te n t  w i t h o u t  c a u s i n g  a  c o r r e s p o n d in g  change i n  d ro u g h t  t o l e r a n c e .  
T h is  was r e a d i l y  d e m o n s t r a t e d  i n  c u l t u r e .  Young p l a n t s  o f  P e l v e t i a  and  
F. s p i r a l i s  w hich  w ere  grown i n  a  d i u r n a l  t i d a l  c y c l e  o f  tw e lv e  h o u r s  
su b m e rs io n  p e r  day grew much f a s t e r  when t h i s  s u b m e rs io n  c o in c i d e d  w i t h  
t h e  l i g h t  p e r i o d  t h a n  when i t  c o in c i d e d  w i th  t h e  d a rk  p e r i o d  (T a b le  4 9 ,  
page  113) .  P e r c e n t  d ry  m a t t e r  was s i g n i f i c a n t l y  lo w e r  i n  t h e  f a s t e r  g row ing  
g r o u p ,  b u t  d ro u g h t  t o l e r a n c e  was s i m i l a r  a f t e r  t h e  two t r e a t m e n t s  (T a b le  50 , 
page  114)* A p p a r e n t l y ,  an i n c r e a s e  i n  d ry  m a t t e r  c o n t e n t  does n o t  n e c e s s a r i l y  
p r o t e c t  t h e  t i s s u e  from  t h e  dam aging e f f e c t s  o f  d e h y d r a t i o n .
T h is  o b s e r v a t i o n  c o n f l i c t s  w i th  t h e  e a r l i e r  r e s u l t  w hich  showed a 
s t r o n g  c o r r e l a t i o n  b e tw e e n  d r y  m a t t e r  c o n t e n t  and  d r o u ^ t  t o l e r a n c e  i n  
n a t u r a l  p o p u l a t i o n s  o f  F. s p i r a l i s  ( F ig u r e s  2 7 -2 9 ,  page  ) .  T h e r e f o r e  
sam p les  o f  t h i s  s p e c i e s  w ere  e x p o s e d  t o  a  s e r i e s  o f  s u b c r i t i c a l  d e s i c c a t i o n  
s t r e s s e s  i n  o r d e r  t o  d e te r m in e  w h e th e r  d r o u ^ t  h a r d e n i n g  o c c u r s  and  
w h e th e r  i t  i s  accom pan ied  by  an i n c r e a s e  i n  p e r c e n t  d ry  m a t t e r .  S e v e n ty  
p l a n t s  w ere  c o l l e c t e d  from  a  100 x 100 mm p a tc h  i n  a  dense  c o n t in u o u s  
s t a n d  o f  f i r s t - y e a r  p l a n t s ,  and  d i v i d e d  i n t o  two g ro u p s  o f  t h i r t y - f i v e .
The " u n h a rd e n e d "  g ro u p  was k e p t  i n  s e a w a te r  i n  t h e  9°C c u l t u r e  room , and  
t h e  h a r d e n e d  g roup  was d r i e d  b r i e f l y  on each  o f  f i v e  s u c c e s s i v e  days i n  
t h e  warm room ( 2 5 - 2 7 ° C ' ,  w a t e r  p o t e n t i a l  - 8 2 0  t o  -1 0 8 0  b a r s ) .  The d u r a t i o n  
o f  e x p o s u re  was g r a d u a l l y  i n c r e a s e d  from  two h o u r s  on t h e  f i r s t  day t o  
f o u r  h o u r s  on t h e  f i f t h .  On t h e  s i x t h  d a y ,  t h i r t y  p l a n t s  o f  e a ch  g roup
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w ere  p l a c e d  i n  t h e  warm room t o  d ry  f o r  a  t o t a l  o f  f o r t y - f o u r  h o u r s .
The f iv e  rem a in in g  p la n ts  o f  each  group were k e p t in  se a w a te r  as c o n t ro ls  
in  o rd e r  to  d e te rm in e  w h e th e r th e  h a rd e n in g  p ro ced u re  i t s e l f  s i g n i f i c a n t l y  
a f f e c t e d  th e  p l a n t s .  A f te r  th e  f o r ty - f o u r  ho u r d ry in g , f iv e  p la n ts  
in  each  group w ere u sed  t o  d e te rm in e  p e rc e n t dry  m a tte r  and c o l l o i d a l  
w a te r  c o n te n t ,  and th e  o th e r  tw e n ty - f iv e  w ere soaked  in  se a w a te r  f o r  
tw en ty -o n e  h o u rs  to  d e te rm in e  th e  i n i t i a l  w eig h t l o s s .  F in a l ly ,  th e  
f iv e  c o n t ro l  p la n ts  and te n  o f  th e  e x p e rim e n ta l p la n ts  o f  each group 
w ere c u l tu r e d  f o r  tw e n ty - f iv e  days.
The h a rd e n in g  p ro ced u re  d id  n o t s i g n i f i c a n t l y  a f f e c t  th e  p l a n t s ,  
and b ro u g h t abou t a  d ram a tic  in c re a s e  in  d rought r e s i s t a n c e  (T ab le  4 3 ) .
The h a r d e n e d  s e t  u nderw en t  a  v e ry  s m a l l  i n i t i a l  w e ig h t  l o s s  an d  t h e i r  
g row th  was a lm o s t  u n a f f e c t e d ,  w h i l e  t h e  u n h a rd e n e d  s e t  s u f f e r e d  m o d e ra te  
damage. A c o m p a r iso n  o f  c o l l o i d a l  w a t e r  c o n te n t s  showed t h a t  t h e  
h a r d e n e d  t i s s u e  h a d  n o t  become more h y g r o s c o p i c ,  b u t  p e r c e n t  d ry  m a t t e r  
was s i g n i f i c a n t l y  e l e v a t e d  by  t h e  h a r d e n i n g  p r o c e s s  (T a b le  4 3 ) .  These  
r e s u l t s  show c l e a r l y  t h a t  f u c o i d  t i s s u e s  can  b e  e f f e c t i v e l y  d r o u g h t -  
h a r d e n e d  by  e x p o s u re  t o  s u b c r i t i c a l  d e h y d r a t io n  s t r e s s e s , and  t h a t  p a r t  
o f  t h e  h a r d e n i n g  p r o c e s s  i s  an a c c u m u la t io n  o f  d ry  m a t t e r  i n  t h e  t i s s u e s .  
A p p a r e n t l y ,  t h i s  change  a c t s  i n  c o n ju n c t io n  w i t h  o t h e r  p h y s i o l o g i c a l  p r o c e s s e s  
t o  i n c r e a s e  d r o u ^ t  r e s i s t a n c e .
The i n c r e a s e  i n  d ry  m a t t e r  c o n t e n t  i s  r a p i d l y  r e v e r s e d  d u r in g  a  
p e r i o d  o f  r a p i d  g r o w th . A f t e r  t w e n t y - f i v e  days i n  c u l t u r e ,  t h e  d ry  
m a t t e r  c o n t e n t  o f  a l l  h a r d e n e d  s p i r a l i s  h a d  d e c r e a s e d  t o  t h e  p r e ­
h a r d e n i n g  l e v e l  (T a b le  4 3 ) .  Only t h e  u n h a rd e n e d  p l a n t s  whose g row th  
h a d  b e e n  c u r t a i l e d  b y  t h e  f o r t y - f o u r  h o u r  d e s i c c a t i o n  c o n t a i n e d  a  h i ^ e r  
p e r c e n t  d ry  m a t t e r  a t  t h e  end  o f  t h e  c u l t u r e  p e r i o d .  T h is  s u g g e s t s  t h a t  
a  few weeks o f  r a p i d  g row th  u n d e r  f a v o u r a b le  c o n d i to n s  may r e v e r s e  t h e  
d r o u g h t - h a r d e n in g  p r o c e s s .
F u r t h e r  e x p e r im e n t s  w ere  u n d e r t a k e n  t o  d e te r m in e  w h e th e r  d r o u g h t  
r e s i s t a n c e  i n  n a t u r a l  p o p u l a t i o n s  v a r i e s  a c c o r d in g  t o  l o c a l  e n v i r o n m e n ta l  
c o n d i t i o n s . Sam ples o f  F . s p i r a l i s  w ere  c o l l e c t e d  f rom  b o t h  t h e  u p p e r  
and  lo w e r  p a r t  o f  i t s  z o n e .  F iv e  p l a n t s  from  e a ch  l e v e l  w ere  d r i e d  f o r  
two days i n  t h e  l a b o r a t o r y ,  and  f i v e  c o n t r o l  p l a n t s  f o r  e a ch  l e v e l  w ere  
r e t a i n e d  i n  s e a w a te r  i n  t h e  9^C c u l t u r e  room. A f t e r  t h e  d r y in g  p e r i o d ,
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T a b le  4 3 : P e r c e n t  d ry  m a t t e r ,  c o l l o i d a l  w a t e r  c o n t e n t ,  and
s u r v i v a l  a f t e r ' , f o r t y - f o u r  h o u r  e x p o s u re  a t  25 - 27*^0 
w a t e r  p o t e n t i a l  - 9 0 0  t o  - 96O b a r s  m ea su red  i n  
u n h a rd e n e d  and  h a r d e n e d  p l a n t s  o f  Fucus s p i r a l i s . 
F i g u r e s  r e p r e s e n t  mean ± s t a n d a r d  d e v i a t i o n .
h a r d e n e d
u n h a rd e n e d
p e r c e n t  o f  grams w a te r  
p e r c e n t  d ry  w a t e r  r e t a i n e d  p e r  i n i t i a l
m a t t e r  r e t a i n e d  100g . d ry  w e ig h t
(n=5) (n=5) m a t t e r  (n=5) l o s s  (n=23)
2 5 .0  ± 2 . 7  
2 0 .9  + 1 . 2
5 . 1  ± 0 . 8
4 . 0  ± 0 . 2
1 5 . 2  ± 0 .8  
1 5 . 0  ± 0 . 9
2 .4  ± 1 .1  
1 3 . 5  ± 3 .2
r a t i o  o f  a i r - d r y  
w e ig h t  t o  w e t 
w e i g h t ,  % (n=25)
2 7 . 0  ± 1 . 2  
2 4 .4  ± 1 . 7
p e r c e n t  d ry
l i n e a r  r e l a t i v e  c o n d i t i o n  o f  mean m a t t e r  a t  end
g ro w th  w e ig h t  g a i n  t h a l l u s  s u r v i v a l  o f  25 days i n
n mm i n  25 days ..; %in 25 days a f t e r  25 days i n d e x  c u l t u r e ______
h a rd e n e d  10 l 4 .2  ± 1 . 
and  d r i e d  
44 h r s .
u n h a rd e n e d  10 
and  d r i e d  
44 h r s .
h a rd e n e d
c o n t r o l s
u n h a rd e n e d
c o n t r o l s
4 .6  ± 3 .
5 1 6 . 2  ± 3 .0
1 2 9 .4  ± 3 1 .9  s l i g h t  damage 
on b l a d e  n e a r  
b a s e
1 5 . 9 - 2 1 .5  m o d e ra te  damage 
some " b u rn in g "  
n e a r  t i p s
1 3 1 . 0  ± 2 0 . 2  v e r y  s l i g h t  
damage on 
b l a d e  n e a r  
b a s e
5 1 9 . 5 - 2 . 8  1 3 0 . 8  ± 6 . 9  no damage
1 5 .0
8 .6
1 6 . 0
1 6 . 0
2 1 .4  ± 1 .4
2 4 .3  ± 1 . 9
2 1 . 1  ± 0 . 7
2 1 .0  ± 0 . 5
t h e  e x p e r i m e n t a l  and  c o n t r o l  p l a n t s  w ere  grown f o r  f i f t e e n  days i n  c u l t u r e .  
The p l a n t s  c o l l e c t e d  from  t h e  lo w e r  p a r t  o f  t h e  zone w ere  a f f e c t e d  a  l i t t l e  
more by  t h e  e x p e r i m e n t a l  s t r e s s  t h a n  t h o s e  c o l l e c t e d  f rom  t h e  u p p e r  p a r t  
(T a b le  4 4 ) .  T h is  s u g g e s t s  t h a t  t h e  more s e v e r e  c o n d i t i o n s  i n  t h e  u p p e r  
zone h a d  somewhat h a r d e n e d  t h e  2» s p i r a l i s  g row ing  a t  t h a t  l e v e l .  An 
a t t e m p t  was made t o  d e m o n s t r a te  a  s i m i l a r  e f f e c t  i n  P e l v e t i a . Young p l a n t s  
w ere  c o l l e c t e d  from  a  d r y , ex p o sed  s i t e  i n  t h e  u p p e r  h a l f  o f  t h e  P e l v e t i a  
z o n e ,  and from  a  s e c o n d  s i t e  lo w e r  i n  t h e  zone w hich  was p r o t e c t e d  from  t h e  
w ind . They w ere  d r i e d  f o r  f o u r  days i n  t h e  warm room , a n d  r e s u b m e rg e d  
o v e r s i g h t  t o  compare t h e  i n i t i a l  w e ig h t  c h a n g e .  The e x p e r i m e n t a l  s t r e s s  
d i d  n o t  seem t o  a f f e c t  t h e  p l a n t s ,  and  i n i t i a l  w e ig h t  change  was as  s m a l l  i n
103
t h e  p l a n t s  from  t h e  s h e l t e r e d  s i t e  ( - 4 . 1  ± 0.6%) as i n  t h o s e  f rom  t h e  
e x p o se d  s i t e  ( - 4 . 0  ± 1 .0 % ).
T a b le  44;
c o n t r o l
n
P l a n t s  f rom  
u p p e r '  p a r t  
o f  zone
d e s i c c a t e d
c o n t r o l
P l a n t s  from  
lo w e r  p a r t  
o f  zone
d e s i c c a t e d  5
D rough t t o l e r a n c e  i n  sam ples  o f  Fucus s p i r a l i s  
c o l l e c t e d  f rom  t h e  u p p e r  and  lo w e r  p a r t s  o f  i t s  
zone . Mean ± s t a n d a r d  d e v i a t i o n  o f  g row th  r a t e s  
a f t e r  f o r t y - e i g h t  h o u r s  e x p o s u re  a t  15 - 2 2 °C , r e l a t i v e  
h u m id i ty  n o t  r e c o r d e d .
l i n e a r  g row th  
mm i n  15 days
0 .8  ± 1 .4  
5 .6  + 0 . 8
-0 .3  ± 0 . 9
6 . 3  ± 1 . 1
r e l a t i v e  w e ig h t  g a in ,  
% i n  15 days
6 . 5  ± 8 . 1  
3 2 .3  ± 7 .6
- 3 •8 ± 4 . 8
4 2 .7  ± 7 . 2
c o n d i t i o n  o f  
t h a l l i  a f t e r  
15 days i n  c u l t u r e
s e v e r e l y  damaged, 
h u t  t i p s  a l i v e
good
s e v e r e l y  damaged, 
t i p s  a p p e a r  t o  be  
dead
good
The e f f e c t s  o f  l o c a l  e n v i r o n m e n ta l  c o n d i t i o n s  upon d r o u g h t  t o l e r a n c e  
w ere  a l s o  i n v e s t i g a t e d  b y  means o f  t r a n s p l a n t a t i o n .  Young p l a n t s  o f  
P e l v e t i a  and F. s p i r a l i s  w ere  t r a n s p l a n t e d  t o  a  s i t e  n e a r  MTL {l.Sva 
above c h a r t  datum) a t  P o r t  Loy ( F ig u r e  3 ) ,  and  a l lo w e d  t o  grow f o r  f i v e  
and  o n e - h a l f  months t o  d e te r m in e  w h e th e r  t h e  n a t u r a l  d r o u g h t - h a r d i n e s s  
o f  t h e s e  two s p e c i e s  w ou ld  d im in i s h  u n d e r  m id sh o re  c o n d i t i o n s .  A s e c o n d  
s e t  was s im u l t a n e o u s l y  t r a n s f e r r e d  t o  t h e  F. s p i r a l i s  zone (2 .7 5  m above 
c h a r t  datum) and  grown f o r  t h e  same f i v e  and  o n e - h a l f  month p e r i o d .  Then 
t h e  p l a n t s  w ere  c o l l e c t e d  from  b o t h  l e v e l s  and t h e i r  d r o u ^ t  t o l e r a n c e  
was com pared . P h o t o s y n t h e s i s  o f  f o u r  o r  f i v e  sam p les  o f  e a ch  s p e c i e s  
from  each  l e v e l  was m e a s u re d  b e f o r e  and  t h r e e  h o u r s  a f t e r  t h e  en d  o f  an 
e x p e r i m e n t a l  e x p o s u re  i n  t h e  l a b o r a t o r y .  Dry m a t t e r  c o n te n t  was a l s o  
d e te r m in e d ,  u s in g  s i x  t o  t e n  sa m p le s  o f  each  s p e c i e s  f rom  e a ch  l e v e l .  
Oxygen e v o l u t i o n  r a t e  o f  t h e  F. s p i r a l i s  t r a n s f e r r e d  t o  t h e  m id s h o re  was
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much more s e v e r e l y  a f f e c t e d  hy  t h e  e x p e r i m e n t a l  d r y in g  t h a n  t h a t  o f  t h e  
F. s p i r a l i s  t r a n s f e r r e d  i n t o  i t s  own zone (T a b le  4 5 ) .  A l s o ,  t h e  m id sh o re  
p l a n t s  grew c o n s i d e r a b l y  f a s t e r  ' d u r in g  t h e  f i v e  and  o n e - h a l f  months 
a f t e r  t r a n s p l a n t a t i o n ,  and  u l t i m a t e l y  c o n ta i n e d  a lo w e r  p e r c e n t  d ry  m a t t e r  
t h a n  t h e  p l a n t s  t r a n s f e r r e d  t o  t h e  u p p e r  s h o r e .  A p p a r e n t l y ,  a  " d e h a r d e n in g "  
p r o c e s s  accom pan ied  by  a d e c r e a s e  i n  d ry  m a t t e r  c o n t e n t  was i n d u c e d  by  
t r a n s f e r  t o  t h e  f a v o u r a b l e  m id s h o re  h a b i t a t .  D e h a rd e n in g  was l e s s  
p ro n o u n c e d  i n  P e l v e t i a , a l t h o u ^ i  s t i l l  s t a t i s t i c a l l y  s i g n i f i c a n t  (T a b le  
4 5 ) .  D rough t t o l e r a n c e  a p p e a r s  t o  b e  more r e a d i l y  i n f l u e n c e d  b y  e n v i r o n ­
m e n ta l  c o n d i t i o n s  i n  F. s p i r a l i s  t h a n  i t  i s  i n  P e l v e t i a .
T a b le  45 : P e r c e n t  d ry  m a t t e r ,  and  e f f e c t  o f  d e s i c c a t i o n  upon
p h o t o s y n t h e s i s  i n  P e l v e t i a  and  3^ . s p i r a l i s  (mean ± 
s t a n d a r d  d e v i a t i o n )  t r a n s p l a n t e d  t o  t h e  u p p e r  s h o re  
and  t o  t h e  m id d le  s h o r e  f i v e  and  o n e - h a l f  m onths 
p r i o r  t o  t h e  d e t e r m i n a t i o n .  P l a n t s  w ere  d r i e d  a t  20- 
23*^0, -4 8 5  t o  -3 0 5  b a r s  w a t e r  p o t e n t i a l .  F. s p i r a l i s  
was e x p o sed  f o r  42 h o u r s ,  P e l v e t i a  f o r  92 h o u r s . 
t  v a lu e s  a r e  g iv e n  f o r  d i f f e r e n c e  b e tw e e n  u p s h o re  and  
m id sh o re  p l a n t s .  * = p < O.O5 ** = p < 0 . 0 1
Oxygen e v o l u t i o n , p  m o le s /g  w et w t - h r
n
r a t e  a f t e r  p e r c e n t
r a t e  d r y in g  an d  o f
b e f o r e  ' 3 h r s  r e c o v e r y  o r i g i n a l
d r y ih g  i n  s e a w a te r  r a t e
p e r c e n t  
n d ry  m a t t e r
P e l v e t i a
2.T5ÎÎ1 above 
c h a r t  datum
1 . 90m above 
c h a r t  datum  
t
5 2 4 .2  ± 1 . 8  1 9 . 9  ± 1 . 8
5 2 7 .6  ± 2 . 9  1 8 . 7  ± 0 . 7
2 . 2 2  1 .3 9
82 ± 6 10 2 8 . 7  ± 0 . 9
68 ± 3 10  2 9 . 8  ± 2 . 0
5 . 1 3 ** 1 . 5 8
Fucus s p i r a l i s
2.75m above 
c h a r t  datum  
1.90m  above 
c h a r t  datum 
t
2 1 . 7  ± 5 . 3  1 6 . 1  ± 2 . 3
2 5 . 8  ± 4 .6  9 . 8  ± 2 . 6
1 .3 0  3 . 89*
76 ± 13 2 7 . 1  ± 1 . 6
38 ± 7 10  2 4 .4  ± 1 .'
5 . 77* 2 . 92*
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3 . 8 . 4  The e f f e c t  o f  p l a n t  s i z e  on d ro u g h t  t o l e r a n c e
F i e l d  o b s e r v a t i o n s  i n d i c a t e  t h a t  v e ry  s m a l l  F. s p i r a l i s  p l a n t s  a r e  
som etim es more s e v e r e l y  a f f e c t e d  b y  d e s i c c a t i o n  t h a n  l a r g e r  p l a n t s ,  
p o s s i b l y  b e c a u s e  t h e y  a r e  more s e n s i t i v e ,  and p o s s i b l y  b e c a u s e  t h e y  d ry  
o u t  much more r a p i d l y  t h a n  t h e  l a r g e r  p l a n t s .  An e x p e r im e n t  was c a r r i e d  
o u t  t o  d e te rm in e  w h e th e r  v e ry  young p l a n t s  a r e  i n t r i n s i c a l l y  l e s s  d ro u g h t  
t o l e r a n t  t h a n  o l d e r  p l a n t s .  F i f t e e n  s m a l l  p l a n t s  and  f i f t e e n  l a r g e r  
p l a n t s  each  o f  P e l v e t i a  and F. s p i r a l i s  w ere  c o l l e c t e d  and  s u b j e c t e d  t o  
a  t h i r t y - n i n e  h o u r  e x p o s u re .  D u r in g  t h e  i n i t i a l  p h a s e  o f  d r y i n g ,  t h e  
p l a n t s  w ere  e x p o sed  i n  t h e  l a b o r a t o r y ,  and  t h e  s m a l l  p l a n t s  o f  each  s p e c i e s  
w ere  s h e l t e r e d  u n d e r  p e t r i  d i s h e s  t o  p r e v e n t  e x c e s s i v e l y  r a p i d  d r y in g .
The t i n y  P e l v e t i a  sam p les  becam e d e h y d r a t e d  f a s t e r  t h a n  t h e  l a r g e r  p l a n t s  
d e s p i t e  t h i s  p r e c a u t i o n ,  b u t  t h e  s m a l l e r  and l a r g e r  F . s p i r a l i s  p l a n t s  
d r i e d  a t  s i m i l a r  r a t e s .  When a l l  t h e  p l a n t s  w ere  n e a r l y  a i r - d r y ,  t h e y  
w ere  t r a n s f e r r e d  t o  t h e  warm room f o r  t h i r t y - n i n e  h o u r s ,  re su b m e rg e d  and  
c u l t u r e d  f o r  t e n  d a y s .  The s m a l l  and  l a r g e  P e l v e t i a  p l a n t s  w ere  e q u a l l y  
r e s i s t a n t  t o  t h e  e x p e r i m e n t a l  s t r e s s  (T a b le  4 6 ) .  S in c e  s m a l l  P e l v e t i a  p l a n t s  
n o r m a l ly  grow v e ry  s l o w l y ,  t h e  d i f f e r e n c e  i n  l i n e a r  g row th  r a t e  b e tw e e n  
t h e  two g ro u p s  i s  p r o b a b ly  n o t  r e l a t e d  t o  d ro u g h t  s t r e s s .  S m a ll  p l a n t s  
o f  F. s p i r a l i s  w ere  much more s e v e r e l y  a f f e c t e d  t h a n  l a r g e r  p l a n t s  , 
a l t h o u g h  t h e y  h a d  n o t  d r i e d  more q u i c k l y  (T ab le  4 6 ) .  A l s o ,  t h e  d ry  
m a t t e r  c o n t e n t  o f  t h e s e  s m a l l  p l a n t s  was lo w e r  t h a n  t h a t  o f  t h e  l a r g e r  p l a n t s .
The r e l a t i o n s h i p  b e tw e e n  p l a n t  s i z e  and d ro u g h t  t o l e r a n c e  was 
i n v e s t i g a t e d  f u r t h e r ,  u s i n g  t h e  d a t a  o b t a i n e d  from  t h e  f i f t y  F. s p i r a l i s  
p l a n t s  whose d ro u g h t  t o l e r a n c e  and  d ry  m a t t e r  c o n t e n t  w ere  c o r r e l a t e d  i n  
F ig u r e s  27~29. The c o r r e l a t i o n  was much l e s s  p ro n o u n c e d  f o r  p l a n t  s i z e  
t h a n  f o r  d ry  m a t t e r  c o n t e n t ,  b u t  was s t i l l  s i g n i f i c a n t  a t  t h e  5% l e v e l  
(F ig u r e  3 1 ) .  Some o f  t h e  s m a l l  p l a n t s  w ere  as  d r o u g h t - h a r d y  as t h e  
l a r g e s t  o n e s ,  w h i l e  o t h e r s  w ere  v e ry  s e n s i t i v e .  T h is  v a r i a b i l i t y  i s  
u n d e r s t a n d a b l e ,  f o r  some s m a l l  p l a n t s  grow i n  e x p o se d  p o s i t i o n s  w h i l e  
o t h e r s  grow u n d e r  t h e  p r o t e c t i o n  o f  l a r g e r  p l a n t s .  The fo rm e r  may have  
u n d e rg o n e  a  g r e a t e r  d e g re e  o f  n a t u r a l  h a r d e n i n g  t h a n  t h e  l a t t e r .
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3*9 E f f e c t s  o f  l i m i t e d  a v a i l a b i l i t y  o f  n u t r i e n t s  and  d i s s o l v e d
c a rb o n  d io x id e  upon g row th  o f  u p s h o re  f u c o id s
I n  t h e  p r e v i o u s  s e c t i o n s  , t h e  r e l a t i o n s h i p  b e tw e e n  d ro u g h t  r e s i s t a n c e  
and  u p p e r  d i s t r i b u t i o n a l  l i m i t s  o f  t h e  d i f f e r e n t  f u c o i d s  was c l e a r l y  
e s t a b l i s h e d .  However, i n  o r d e r  t o  grow and  m a tu re  on t h e  u p p e r  s h o r e ,  
P e l v e t i a  and  F. s p i r a l i s  m ust a l s o  o b t a i n  an a d e q u a te  s u p p ly  o f  m in e r a l  
n u t r i e n t s ,  c a rb o n  d i o x id e  and  oxygen . M arine  o rg an ism s  o b t a i n  t h e s e  
s u b s t a n c e s  i n  d i s s o l v e d  fo rm  from  t h e  s e a ,  b u t  u p s h o re  s p e c i e s  a r e  
e x p o se d  m ost o f  t h e  t i m e ,  and  m ust b e  c a p a b le  o f  a b s o r b i n g  an a d e q u a te  
s u p p ly  d u r in g  b r i e f  s u b m e r s io n s .  T h e r e f o r e  u p s h o re  f u c o i d s  m ig h t  be  
e x p e c t e d  t o  p o s s e s s  s p e c i a l  p h y s i o l o g i c a l  a d a p t a t i o n s  by  w hich  t h e y  can  
a b s o rb  n u t r i e n t s  r a p i d l y ,  and  p o s s i b l y  u t i l i z e  c a rb o n  d io x id e  d i r e c t l y  
f rom  t h e  a tm o sp h e re  f o r  p h o t o s y n t h e s i s .  These p o s s i b i l i t i e s  w ere  
i n v e s t i g a t e d  i n  c u l t u r e  by means o f  s i m u l a t e d  t i d a l  c y c l e s ,  as d e s c r i b e d  
i n  s e c t i o n  2 .4 .  5- S in c e  t h e  p l a n t s  w ere  p l a c e d  i n  a  t a n k  c o v e re d  w i t h  a  
g l a s s  p l a t e  and  k e p t  i n  t h e  8-10°C  c u l t u r e  room d u r in g  s i m u l a t e d  t i d a l  
e x p o s u r e ,  t h e y  u n d e rw e n t  l i t t l e  d e s i c c a t i o n  and w ere  n o t  s u b j e c t e d  t o  o t h e r  
p h y s i c a l  s t r e s s e s .  T h e r e f o r e ,  t h e  e f f e c t s  o f  l i m i t e d  a v a i l a b i l i t y  o f  
d i s s o l v e d  n u t r i e n t s  and  r e s p i r a t o r y  g a s e s  upon s u r v i v a l  and grow th  c o u ld  be  
s t u d i e d  i n  t h e  a b sen c e  o f  t h e s e  c o m p l i c a t in g  f a c t o r s .
3 . 9 . 1  Com parison o f  g row th  r a t e s  i n  P e l v e t i a ,  Fucus s p i r a l i s  and  
F. s e r r â t us u n d e r  t h r e e  d i f f e r e n t  t i d a l  reg im es
The t i d a l  s i m u l a t i o n  a p p a r a tu s  d e s c r i b e d  i n  A ppend ix  C was u s e d  t o  
p ro d u c e  t h r e e  d i f f e r e n t  s e m i d i u r n a l  t i d a l  c y c l e s :  o n e ,  s i x  and  e le v e n
h o u r s  su b m e rs io n  i n  e v e ry  tw e lv e  h o u r s .  F i f t e e n  p l a n t s  e a ch  o f  P e l v e t i a , 
Fucus s p i r a l i s  and F. s e r r a t u s  w ere  c u l t u r e d  i n  e ach  t i d a l  c y c l e ,  in Ct^ ihre, wedii/y+ 
dilifW ii'mei h, . L i n e a r  g ro w th ,  r e l a t i v e  w e ig h t  g a in  and  r a t e
o f  i n i t i a t i o n  o f  new a p ic e s  w ere  m ea su red  o v e r  a  p e r i o d  o f  f o r t y - t w o  d a y s .
A l l  t h r e e  s p e c i e s  s u r v i v e d  and  grew u n d e r  a l l  t h r e e  t i d a l  r e g im e s .  
P e l v e t i a  and F. s p i r a l i s  grew a lm o s t  as r a p i d l y  i n  l e n g t h  and  w e i ^ t  when 
subm erged  o n ly  one h o u r  i n  e v e ry  t w e l v e . a s  t h e y  d i d  when subm erged  e l e v e n  
h o u r s  (T a b le  4 7 ) .  F. s p i r a l i s  r e m a in e d  h e a l t h y  and  t h e  a p ic e s  m a i n t a i n e d  
a  n o rm a l  a p p e a ra n c e  i n  a l l  t h r e e  c y c l e s .  How ever, t h e  a p ic e s  o f  P e l v e t i a
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became a b n o rm a l ly  n a rro w  and  d e v e lo p e d  s m a l l  brown n e c r o t i c  s p o t s  n e a r  
t h e  a p i c a l  p i t ,  p a r t i c u l a r l y  when subm erged  s i x  o r  e l e v e n  h o u r s  p e r  tw e lv e .  
The p o s s i b i l i t y  t h a t  p r o lo n g e d  s u b m e rs io n  may have  an a d v e r s e  e f f e c t  upon 
P e l v e t i a  w i l l  be  d i s c u s s e d  i n  c h a p t e r  4 .
P. s e r r a t u s  grew p r o g r e s s i v e l y  f a s t e r  w i t h  i n c r e a s i n g  d u r a t i o n  o f  
s u b m e r s io n ,  and  t h e  d i f f e r e n c e s  b e tw e e n  th e  g row th  r a t e s  o f  t h e  p l a n t s  
i n  t h e  o n e -h o u r  and  e l e v e n - h o u r  c y c l e s  w ere  h i g h l y  s i g n i f i c a n t  (T a b le  4 ? ) .
T ab le  4t : L i n e a r  g ro w th ,  r e l a t i v e  w e ig h t  g a in  (mean ± s t a n d a r d  
d e v ia t io n )  and  i n c r e a s e  i n  mean number o f  a p i c e s  o f  
P e l v e t i a , F. s p i r a l i s  and  F. s e r r a t u s  i n  t h r e e  t i d a l  
c y c l e s .  n=15 f o r  each  s p e c i e s  i n  e a ch  c y c l e ,  t  v a lu e s  
f o r  d i f f e r e n c e  b e tw e e n  one h o u r  and  e le v e n  h o u r  c y c l e s
-X- = P < 0 .0 5 p < 0 .0 0 1 .
T id a l  c y c l e , ho u rs  subm erged p e r  tw elv e  
One S ix  E leven
P e l v e t i a
l i n e a r  g ro w th ,  mm/month 
p e r c e n t  w t . g a i n  p e r  day 
i n i t i a l  number o f  a p ic e s  
n o . o f  a p i c e s  a f t e r  42 days 
p e r c e n t  i n c r e a s e
F. s p i r a l i s
l i n e a r  g r o w th , mm/month 
p e r c e n t  w t . g a i n  p e r  day 
i n i t i a l  number o f  a p ic e s  
n o . o f  a p i c e s  a f t e r  42 days 
p e r c e n t  i n c r e a s e
F. s e r r a t u s
l i n e a r  g ro w th ,  mm/month 
p e r c e n t  w t . g a i n  p e r  day 
i n i t i a l  number o f  a p ic e s  
n o . o f  a p i c e s  a f t e r  42 days 
p e r c e n t  i n c r e a s e
4 .4  i  0 .9
1 .7 5  ± 0 .2 3
8 .4
1 1 .7  
39
11.1 ± ± 2.0 
2 .2 9  ± 0 .2 0
2 .5
3 .7  
48
8 .9  ± 2 . 5  
1 .5 7  ± 0 .4 6
1 . 8
2 .5  
39
3 .7  ± 1 . 1
1 .8 1  ± 0 .2 7
8 .7
1 1 .9  
37
1 1 .4  ± 2 . 4  
2 . l 4  ± 0. 33
2 .7
4 .5  
67
1 3 .6  ± 1 . 2  
2 .2 6  ± 0 .2 2
1.8  
3 .0  
67
4 .5  ± 1 . 1
2 .0 5  ± 0 .3 6
8.8
1 2 .9
47
1 2 .9  ± 2 .9  
2 .4 1  ± .0 .22
2 .4
4 .4  
91
1 6 . 6  ± 1 .5  
2 .59-±  0 .2 4
1 .7  
3 .3  
94
0 .28
2 .7 3 *
1 .9 7
1 .5 7
10 . 1* * *
7 . 58***
The p l a n t s  r e m a in e d  h e a l t h y  i n  t h e  s i x  and e l e v e n - h o u r  s u b m e r s io n s , and  t h e  
a p i c e s  became n o t i c e a b l y  w id e r  i n  t h e  l a t t e r ,  w h ich  r e f l e c t s  t h e  v ig o ro u s  
g row th  o f  t h e  p l a n t s .  I n  t h e  o n e -h o u r  s u b m e rs io n ,  t h e  t i p s  became d i s t i n c t l y  
n a r r o w e d ,  and  l i n e a r  g row th  t e n d e d  t o  d e c r e a s e  to w a rd  t h e  en d  o f  t h e  f o r t y -  
two day p e r i o d .
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These  r e s u l t s  show t h a t  P e l v e t i a  and F. s p i r a l i s  a r e  h o th  w e l l  
a d a p te d  t o  t h e  l i m i t e d  a v a i l a b i l i t y  o f  d i s s o l v e d  n u t r i e n t s  on t h e  u p p e r  
s h o r e ,  and t h a t  F. s e r r a t u s  i s  somewhat l e s s  s o .  F u r th e r m o r e , t h e  two 
u p s h o re  s p e c i e s  e i t h e r  can  u t i l i z e  c a rb o n  d io x id e  from  t h e  a tm o s p h e re ,  
o r  can  a b s o rb  and s t o r e  l a r g e  q u a n t i t i e s  o f  d i s s o l v e d  i n o r g a n i c  c a rb o n  
d u r in g  b r i e f  s u b m e rs io n s  and  u t i l i z e  t h i s  s u p p ly  f o r  p h o t o s y n t h e s i s  w h i l e  
ex p o sed .
3 . 9 . 2  A d a p ta t io n s  o f  u p s h o re  f u c o i d s  t o  n u t r i e n t  s c a r c i t y  a s s o c i a t e d  
w i th  t i d a l  e x p o s u re
S in c e  p e r c e n t  t i d a l  su b m e rs io n  i s  c o n s i d e r a b l y  l e s s  i n  t h e  P e l v e t i a  
zone t h a n  i n  t h e  F. s p i r a l i s  z o n e ,  t h e  fo rm e r  s p e c i e s  i s  s u b j e c t e d  t o  a 
g r e a t e r  d e g re e  o f  n u t r i e n t  s c a r c i t y .  T h e r e f o r e ,  e x p e r im e n t s  were d e s ig n e d  
t o  compare t h e  a b i l i t i e s  o f  t h e s e  two s p e c i e s  t o  grow d e s p i t e  a  l i m i t e d  
s u p p ly  o f  d i s s o l v e d  m in e r a l  n u t r i e n t s .  The g row th  r a t e s  o f  t h e s e  two 
s p e c i e s  w ere  com pared  u n d e r  two d i f f e r e n t  t i d a l  reg im es  and  i n  c u l t u r e  
m ed ia  c o n t a i n i n g  d i f f e r e n t  c o n c e n t r a t i o n s  o f  added  n u t r i e n t s .  D i u r n a l  
t i d a l  c y c le s  o f  f o u r  h o u r s  s u b m e rs io n  and tw e n ty  h o u r s  su b m e rs io n  p e r  day 
w ere  s i m u l a t e d  m a n u a l ly .  In  t h e  f i r s t  e x p e r im e n t ,  t w e n t y - f i v e  p l a n t s  
o f  each  s p e c i e s  w ere  grown i n  each  t i d a l  reg im e  i n  t h e  f u l l y  e n r i c h e d  
medium d e t a i l e d  i n  A ppend ix  A. L i n e a r  grow th was m ea su red  o v e r  a  f o r t y -  
two day p e r i o d .  R e l a t i v e  w e ig h t  g a in  c o u ld  n o t  b e  d e te r m in e d  b e c a u s e  t h e  
p l a n t s  became h e a v i l y  c o n ta m in a t e d  and  t e n d e d  t o  d e c a y ,  e s p e c i a l l y  i n  t h e  
tw e n ty - h o u r  s u b m e rs io n .
The e x p e r im e n t  was r e p e a t e d  t h r e e  t im e s  u s i n g  1 /5  oncenWi'h and 1 /2 0  
co'ncemratwh m e d ia ,  and  u n e n r i c h e d  s e a w a te r .  The i n i t i a l  sam ple  s i z e  i n  
t h e s e  t h r e e  d e t e r m i n a t i o n s  was t e n  p l a n t s  o f  each  s p e c i e s  i n  each  t r e a t m e n t  
b u t  i n  some c a s e s  one o r  two p l a n t s  b ro k e  and  w ere  l o s t .  L i n e a r  g row th  
and  r e l a t i v e  w e ig h t  g a in  w ere  m ea su red  o v e r  a  t h i r t y - n i n e  day p e r i o d  i n  
t h e  u n e n r i c h e d  s e a w a t e r ,  and  o v e r  a  f i f t y - s i x  day p e r i o d  i n  t h e  1 / 5  and  
1 / 2 0  CüV\£eVîfmt(t’D m ed ia .  I n  t h e  l a t t e r  tw o ,  t h e  p l a n t s  w ere  m ea su red  a f t e r  
t w e n t y - e i g h t  days and  a g a in  a f t e r  f i f t y - s i x  days t o  d e te r m in e  w h e th e r  t h e y  
became a d a p te d  t o  t h e  c u l t u r e  c o n d i t i o n s  and  grew f a s t e r  d u r in g  t h e  l a t t e r  
p a r t  o f  t h e  e x p e r im e n t .
P e l v e t i a  g r a d u a l l y  d e c ay e d  when subm erged  tw e n ty  h o u r s  p e r  day i n
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1 /5  cûi'i:eiitutifa medium, and o n ly  l i n e a r  grow th ov er th e  f i r s t  h a l f  o f  th e  
c u l tu r e  p e r io d  co u ld  be m easured . F. s p i r a l i s  d ev eloped  a  heavy co v er o f  
e p ip h y te s  when subm erged tw en ty  h o u rs  p e r  day , and th e s e  e p ip h y te s  were 
sc ra p e d  o f f  b e fo re  th e  f i n a l  w e ig h in g . They w ere n o t removed b e fo re  th e  
w eigh ing  a f t e r  t w e n t y - e i ^ t  days in  th e  1 /5  and 1 /2 0  concentration, m edia 
b eca u se  s c ra p in g  w ould have damaged th e  p la n ts*  e p id e rm is ; hence  th e  
o b se rv ed  w e ig h ts  o f  th e  p la n ts  a f t e r  tw e n ty -e ig h t  days w ere a  l i t t l e  
h ig h e r  th a n  th e  t r u e  w e ig h ts . T h e re fo re , th e  r e l a t i v e  w eig h t g a in s  
d e te rm in ed  f o r  th e  f i r s t  tw e n ty -e ig h t  days w ere a l i t t l e  h ig h e r  th a n  th e  
t r u e  v a lu e s , and th o s e  d e te rm in e d  f o r  th e  second  tw e n ty -e ig h t  days a l i t t l e  
lo w er th a n  th e  t r u e  v a lu e s .
The e f f e c t s  o f  n u t r i e n t  s c a r c i t y  a s s o c i a t e d  w i th  s h o r t  t i d a l  s u b m e rs io n s  
was c l e a r l y  d e m o n s t r a te d  i n  b o t h  P e l v e t i a  and  F. s p i r a l i s  (T a b le  4 8 ) .
When subm erged tw en ty  h o u rs  p e r  day , b o th  s p e c ie s  grew r a p id ly  in  1 /20  
medium, and seemed to  be somewhat n u t r i e n t - l i m i t e d  o n ly  in  th e  
u n e n ric h e d  se a w a te r . Growth r a t e s  w ere s lo w er in  F. s p i r a l i s  in  f u l l  
con«)it.raiiun, and in  P e lv e t i a  in  1 /5  co»centration b ecau se  th e s e  e n r ic h e d  m edia 
seemed to  prom ote decay o f  th e  t h a l l i .  N u tr ie n t  l i m i t a t i o n  was much more 
p ronounced  when th e  p la n ts  w ere subm erged on ly  fo u r  h o u rs  p e r  day. T h e ir  
grow th r a t e s  d e c re a se d  p r o g r e s s iv e ly  w ith  d e c re a s in g  o f  th e
medium (T able 4 8 ) .  I n i t i a l l y ,  P e lv e t i a  seemed to  be  more cap a b le  o f
grow ing on a l i m i t e d  n u t r i e n t  su p p ly  th a n  F. s p i r a l i s . When subm erged fo u r  
h o u rs  p e r  day in  u n e n ric h e d  s e a w a te r ,  P e lv e t i a  g a in ed  w e ig h t v ery  s lo w ly , 
w h ile  F. s p i r a l i s  l o s t  a sm a ll b u t  s t a t i s t i c a l l y  s i g n i f i c a n t  amount o f  
w e ig h t ,  and grew in  le n g th  a t  th e  expense o f  i t s  own re s e rv e s  (T ab le 4 8 ) .  
A lso , d u rin g  th e  f i r s t  tw e n ty -e ig h t  d a y s , r e l a t i v e  w eig h t g a in  was much 
low er in  _F. s p i r a l i s  th a n  in  P e lv e t i a  when subm erged fo u r  h ou rs p e r  day 
in  th e  1 /20  and 1 /5  ccuceiitaiwh m edia. However, F. s p i r a l i s  q u ic k ly  a d ap ted  
to  th e  l im i t e d  n u t r i e n t  su p p ly , and grew much more r a p id ly  d u rin g  th e  
second  tw e n ty -e ig h t  d ay s . P e lv e t i a  a l s o  a d a p te d , b u t  to  a l e s s e r  d e g re e , 
so t h a t  i t s  r e l a t i v e  w eig h t g a in  d u rin g  th e  second  h a l f  o f  th e  c u l tu r e  
p e r io d  was c o n s id e ra b ly  l e s s  th a n  t h a t  o f  F. s p i r a l i s .
The la r g e  d i f f e r e n c e  in  grow th r a t e s  betw een th e  fo u r -  and tw e n ty -  
h o u r subm ersions in  1 /5  and 1 /2 0  mcndmtovi m edia w ere s u r p r i s in g ,  s in c e  
b o th  P e lv e t i a  and s p i r a l i s  grew a lm o st as r a p id ly  in  th e  o n e -h o u r sem i-
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d i u r n a l  c y c le  as  i n  t h e  e l e v e n - h o u r  c y c le  i n  t h e  t i d a l  s i m u l a t o r ,  i n  
w hich  1 /1 0  whceMidtiw medium was u s e d  ("Table 4-7). The d i f f e r e n t  r e s u l t s  
o f  t h e s e  two e x p e r im e n t s  may r e f l e c t  a  s e a s o n a l  p h y s i o l o g i c a l  change i n  
t h e  p l a n t s .  The e x p e r im e n t s  w i t h  t h e  1 /5  and 1 /2 0  conL£uirai\t.r\ m ed ia  w ere  
c a r r i e d  o u t  on m a t e r i a l  c o l l e c t e d  i n  J a n u a r y ,  when n i t r a t e  and  p h o s p h a te  
c o n c e n t r a t i o n s  i n  t h e  F i r t h  o f  Clyde a r e  a t  a  maximum (H in to n  1 9 7 4 ) .  The 
a u to m a t ic  s i m u l a t i o n  was done on p l a n t s  c o l l e c t e d  i n  J u n e , a t  w h ich  t im e  
t h e s e  n u t r i e n t s  a r e  a t  t h e i r  minimum c o n c e n t r a t i o n s . T h e r e f o r e , t h e  
p l a n t s  c u l t u r e d  i n  t h e  a u to m a t i c  a p p a r a tu s  may have  b e e n  so w e l l  a d a p te d  
t o  low n u t r i e n t  c o n c e n t r a t i o n s  t h a t  t h e y  c o u ld  a b s o rh  an a d e q u a te  s u p p ly  
d u r in g  o n ly  two h o u r s  d a i l y  s u b m e rs io n  i n  1 /1 0  on/ieMtrahan medium.
3 .9 * 3  U t i l i z a t i o n  o f  a tm o s p h e r ic  c a rb o n  d io x id e  by  u p s h o re  f u c o i d s
The u t i l i z a t i o n  o f  a tm o s p h e r ic  c a rb o n  d i o x id e  by e x p o s e d  f u c o i d s  
h a s  b e e n  i n v e s t i g a t e d  b y  means o f  ^^00^  u p t a k e ,  m anometry and o t h e r  
s t a n d a r d  p h o t o s y n t h e t i c  m easu rem en ts  (B id w e l l  and  C r a i g i e  19 6 3 ,  Kremer 
& S chm itz  1 9 7 3 ,  Jo h n so n  e t  a l  1 9 7 4 ,  B r in k h u is  and  Tempel 1 9 7 5 ) .  The 
r e s u l t s  have  b e e n  v e ry  i n c o n s i s t e n t ,  and  t h e  q u e s t i o n  o f  w h e th e r  u p s h o re  
f u c o i d s  can f i x  a tm o s p h e r ic  c a rb o n  d io x id e  and  fo rm  new t i s s u e  w h i l e  
e x p o se d  rem a in s  u n an sw ered .  T h e r e f o r e ,  I  com pared t h e  r a t e  o f  g row th  
b a s e d  e n t i r e l y  upon p h o t o s y n t h e s i s  i n  a  damp a tm o sp h e re  w i t h  t h a t  b a s e d  
e n t i r e l y  on p h o t o s y n t h e s i s  w h i l e  subm erged . T h is  was done i n  t h e  
f o l l o w i n g  m anner. Two p l a t e s ,  each  b e a r i n g  f i f t e e n  F. s p i r a l i s  and 
f i f t e e n  P e l v e t i a  w e re  c u l t u r e d  i n  a  tw e lv e  h o u r  e x p o s e d / tw e lv e  h o u r  
subm erged  d i u r n a l  t i d e  c y c l e .  Each d a y ,  t h e  p l a t e s  w ere  e x c h an g e d  a t  
1100 an d  a t  2300 h o u r s  b e tw e en  an empty t a n k  and  a  t a n k  c o n t a i n i n g  f i v e  
l i t r e s  o f  1 /1 0  co«ca\irat»en c u l t u r e  medium. At 2300 h o u r s  an opaque b o x  
was p l a c e d  o v e r  b o t h  t a n k s , and  t h e  a e r a t i o n  t u b e s  w ere  i n s e r t e d  t h r o u g h  
s m a l l ,  t i g h t - f i t t i n g  h o l e s  i n  t h e  b o x .  At 1100 h o u r s  t h e  b o x  was removed. 
I n  t h i s  w ay , each  p l a t e  r e c e i v e d  tw e lv e  h o u rs  l i ^ t  and  tw e lv e  h o u r s  
d a r k n e s s ,  an d  tw e lv e  h o u r s  s u b m e rs io n  p e r  day . One p l a t e  was subm erged  
and  t h e  o t h e r  e x p o s e d  d u r in g  t h e  e n t i r e  l i g h t  p e r i o d .
A s t r e a m  o f  a i r  was p a s s e d  th r o u g h  t h e  d ry  t a n k  t o  p r e v e n t  d e p l e t i o n  
o f  c a rb o n  d i o x id e  d u r in g  t h e  d a y ,  and  o f  oxygen a t  n i g h t .  The a i r  was 
pumped th r o u g h  a c l o s e d  b o t t l e  o f  w a t e r  t o  h u m id i fy  i t  t o  n e a r  s a t u r a t i o n  
b e f o r e  b e i n g  d e l i v e r e d  t o  t h e  t a n k  v i a  a  l e n g t h  o f  p l a s t i c  t u b i n g .
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T ab le  49 : C om parison o f  g row th  r a t e s  (mean ± 1 s ta n d a r d
d e v ia t io n )  i n  P e l v e t i a  and s p i r a l i s  e x p o se d  
d u r in g  l i g h t  p e r io d  w ith  g row th  r a t e s  i n  p l a n t s  
subm erged  d u r in g  l i g h t  p e r io d .  n =15 f o r  each  
s p e c ie s  i n  ea ch  t r e a tm e n t .
Subm erged and  i l l u m i n a te d E xposed  and i l l u m i n a t e d
1100  -  2300
E xposed  and
2300  -  1100
h o u rs  ; 
d a rk  
h o u r s .
1100 -  2300  h o u rs  ; 
Subm erged and d a rk  
2300  -  1100 h o u rs
L in e a r  g row th  P e r c e n t  w e ig h t L in e a r  g row th P e r c e n t  weiWi
mm/month g a in p e r  day mm/month g a in p e r  day
P e l v e t i a
25 J u l y - 7- A ugust 8 .3  ± 2 .4 2 .1 8 ± 0 .2 7 5 . 3  ± 1 .2 1 . 1 6 ± 0 .2 2
7 - 1 8  A ugust 8 . 2  + 1 . 9 2 . 4 7 ± 0 .4 7 5 . 2  ± 1 . 2 1 . 1 5 ± 0 . 3 1
25 J u ly - 1 8  A ugust 8 .1  ± 1 .8 2 .3 1 ± 0 . 2 7 5 . 1  ± 0 . 9 1 . 1 5 ± 0 . 2 0
Fucus s p i r a l i s
25 J u l y - 7 A ugust 1 6 . 6  ± 2 . 8 2 .3 4 ± 0 . 3 8 1 0 . 6  ± 2 . 5 1 .0 1 ± 0 .4 9
7 -1 8  A ugust 1 8 . 8  ± 2 . 7 2 .9 5 ± 0 . 4 l 9 . 3  ± 2 . 5 1 .2 9 ± 0 . 2 8
25 J u ly - 1 8  A ugust 1 7 . 6  ± 2 .5 2 . 6 2 ± 0 .3 5 1 0 .0  ± 2 .2 1 .1 5 ± 0 .2 0
L eng th  and  w e ig h t w ere  m ea su red  i n i t i a l l y ,  a f t e r  t h i r t e e n  days and  
tw e n ty - f o u r  days t o  d e te rm in e  w h e th e r  th e  p l a n t s  c o u ld  m a in ta in  s te a d y  
g row th  r a t e s  when ex p o sed  d u r in g  th e  l i g h t  p e r io d .  S te a d y  g row th  i n  
l e n g th  and  w e ig h t was o b s e rv e d  i n  b o th  s p e c ie s  i n  t h i s  r e g im e , a s  w e l l  
as when subm erged  d u r in g  th e  l i g h t  p e r io d .  T h e re fo re  t h e  p l a n t s  w ere  
f i x i n g  a tm o s p h e r ic  c a rb o n  d io x id e  and  u t i l i z i n g  i t  t o  fo rm  new t i s s u e ,  and  
w ere  n o t  g row ing  in  l e n g th  a t  t h e  ex p en se  o f  t i s s u e  r e s e r v e s .  H ow ever, 
b o th  s p e c ie s  grew  much more s lo w ly  when e x p o sed  d u r in g  th e  l i ^ t  p e r i o d  
th a n  when subm erged  d u r in g  t h e  l i g h t  p e r io d  (T a b le  4 9 ) .  A lso  th e  two 
s p e c ie s  grew e q u a l ly  s lo w ly  i n  w e ig h t  when ex p o sed  d u r in g  th e  l i g h t  p e r io d .  
T h e re fo re  P e l v e t i a  does n o t  a p p e a r  t o  u t i l i z e  a tm o s p h e r ic  c a rb o n  d io x id e  
more e f f i c i e n t l y  th a n  does F. s p i r a l i s , and  b o th  s p e c ie s  u t i l i z e  c a rb o n  
d io x id e  more e f f i c i e n t l y  from  s e a w a te r .
T h is  r e s u l t  c o n t r a s t s  w i th  t h a t  o b ta in e d  w ith  t h e  t i d a l  s im u l a t o r ,  i n  
w h ich  P e l v e t i a  and  F. s p i r a l i s  grew r a p i d l y  when subm erged  o n ly  one h o u r  
p e r  tw e lv e  (T ab le  4 ? ) .  In  t h i s  r e g im e , th e  p l a n t s  w ere  subm erged  o n ly
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one h o u r  p e r  day w h ile  i l l u m i n a t e d .  In  t h i s  c a s e ,  t h e  d i f f e r e n c e s  
c a n n o t h e  a t t r i b u t e d  t o  s e a s o n a l  p h y s io l o g i c a l  c h a n g e s , s in c e  b o th  
e x p e r im e n ts  w ere p e rfo rm e d  on s u m m e r-c o lle c te d  m a t e r i a l .  The r e s u l t s  
t h e r e f o r e  s u g g e s t  t h a t  t h e  p l a n t s  can a b so rb  and  a c c u m u la te  l a r g e  
q u a n t i t i e s  o f  d i s s o lv e d  in o r g a n ic  c a rb o n  d u r in g  b r i e f  s u b m e rs io n s , and  
u t i l i z e  t h i s  s t o r e  t o  su p p le m e n t t h e  s lo w  a b s o r p t io n  o f  g a seo u s  c a rb o n  
d io x id e  d u r in g  e x p o s u re . Such r a p i d  a b s o r p t io n  m ust b e  a  l ig h t - d e p e n d e n t  
phenom enon, s in c e  i t  does n o t  seem  t o  o c c u r  d u r in g  n ig h t t im e  su b m e rs io n  
i n  c u l t u r e .
A n o th e r  p o s s ib l e  e x p la n a t io n  i s  t h a t  th e  p r o d u c ts  o f  p h o to s y n th e s is  
d u r in g  e x p o su re  a r e  c h e m ic a l ly  d i f f e r e n t ,  o r  a r e  u t i l i z e d  d i f f e r e n t l y ,  from  
th o s e  fo rm ed  d u r in g  s u b m e rs io n . The l a t t e r  may c o n t r i b u t e  t o  a  r a p i d  
g row th  o f  new t i s s u e  w i th  a  low  d ry  m a t te r  c o n te n t ,  w h i le  t h e  fo rm e r  may 
t e n d  t o  a c c u m u la te  i n  t h e  c e l l s  a s  s o l u t e s , o r  may b e  c o n v e r te d  i n t o  
s p e c i f i c  s u b s ta n c e s  w h ich  in c r e a s e  r e s i s t a n c e  t o  d e h y d ra t io n  o r  o t h e r  
s t r e s s e s .  I n  o r d e r  t o  t e s t  t h i s  p o s s i b i l i t y ,  th e  d ry  m a t te r  c o n te n t  o f  
f i v e  p l a n t s  from  e a ch  t r e a tm e n t  was d e te rm in e d , and  a n o th e r  t e n  w ere  
u se d  t o  e s t im a te  d ro u g h t t o l e r a n c e .  The l a t t e r  w ere  w e ig h e d , a i r - d r i e d  
i n  th e  warm room , so a k e d  f o r  tw e lv e  h o u r s ,  and  r e w e i ^ e d  t o  d e te rm in e  th e  
i n i t i a l  w e ig h t l o s s .
T a b le  5 0 : Mean ± s ta n d a r d  d e v ia t io n  o f  p e r c e n t  d ry  m a t t e r ,  c o l l o i d a l
w a te r  c o n te n t  and  i n i t i a l  w e ig h t change a f t e r  d r y in g  a t
2 7 . 8  -  2 9 . 4 ^0 , 3^ - 38% r e l a t i v e  h u m id i ty ,  i n  P e l v e t i a  and  
F . s p i r a l i s , m ea su red  a f t e r  2k days i n  two t i d a l  re g im e s . 
P e l v e t i a  d r i e d  f o r  48 h o u rs  ; F. s p i r a l i s  f o r  36 h o u r s .
subm erged  and  i l l u m i n a t e d  
1100-2300  h o u rs  ; e x p o sed  
and  d a rk  2300-1100 h o u rs
P e l v e t i a
p e r c e n t  d ry  m a t te r  (n=5)
c o l l o i d a l  w a te r  a t  end  
o f  d ry in g  p e r io d ;  
gram s/lO O g d ry  m a t te r  (n=5)
i n i t i a l  w e ig h t change (n=10)
Fucus s p i r a l i s
p e r c e n t  d ry  m a t te r  (n=5)
c o l l o i d a l  w a te r  a t  end  
o f  d ry in g  p e r i o d ;  
gram a/lO O g d ry  m a t t e r  (n=5)
i n i t i a l  w e ig h t change (n=10)
2 5 . 3  ± 1 . 9
8.1  ± 0.6 
- 7 , 3  ± 3 .2
2 2 . 1  ± 1 . 6
7.4  ± 0.2 
- 1 9 . 1  ± 3 .2 0
ex p o sed  and  i l l u m i n a t e d  
1 1 0 0 -2 3 0 0 h o u rs  ; subm erged  
and  d a rk  2300-1100  h o u rs
2 6 .9  ± 0 . 8
9 . 2  ± 0 . 9
- 5 . 3  ± 3*4
2 5 .6  ± 1 . 5
7 .5  ± 0 .3  
■22.2 ± 4 .0
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In  b o th  s p e c i e s ,  p e r c e n t  d ry  m a t te r  was somewhat h ig h e r  i n  t h e  p l a n t s  
t h a t  h a d  b e e n  e x p o sed  d u r in g  th e  l i g h t  c y c le  th a n  i n  th o s e  w h ich  h a d  b e e n  
subm erged  d u r in g  th e  l i g h t  c y c le .  H ow ever, d ro u g h t r e s i s t a n c e  i n  p l a n t s  
grown i n  t h e  tw o reg im es  was s i m i l a r  (T a b le  5 0 )- T h e r e f o r e ,  some 
p h o to s y n th a te s  may hav e  a c c u m u la te d  in  t h e  c e l l s  o f  th e  p l a n t s  t h a t  w ere  
e x p o sed  d u r in g  i l l u m i n a t i o n ,  b u t  t h e r e  was no a p p a re n t  i n c r e a s e  i n  d ro u g h t 
t o l e r a n c e  a s s o c i a t e d  w ith  th e  i n c r e a s e d  d ry  m a t te r  c o n te n t .
3 .1 0  D is c u s s io n
I n t e r t i d a l  o rg an ism s  commonly hav e  w e l l  d e f in e d  u p p e r  l i m i t s  on th e  
s h o r e ,  w h ich  a p p e a r  t o  b e  d e te rm in e d  b y  e x p o su re  t o  a tm o s p h e r ic  c o n d i t io n s  
T h is  i s  c o n f irm e d  by  t h e  o b s e r v a t io n  t h a t  many s p e c ie s  r e a c h  t h e i r  u p p e r  
l i m i t s  n e a r  MHWH (Colman 1 9 3 3 , Lew is 1 9 6 4 ) ,  above w h ich  th e  d u r a t io n  o f  
t i d a l  e x p o su re  i n c r e a s e s  a b r u p t l y .  C r i t i c a l  t i d e  l e v e l s  a r e  even  m ore 
m arked  on t h e  P a c i f i c  s h o re s  o f  t h e  n o r th w e s t  U n ite d  S t a t e s  (D oty  1 9 4 6 ) , 
The m ixed  s e m i d iu r n a l - d iu r n a l  t i d e s  o f  t h e s e  s h o re s  p ro d u c e  s e v e r a l  
c r i t i c a l  l e v e l s  a t  w hich  th e  l o n g e s t  t i d a l  e x p o su re  i n c r e a s e s  by  a  f a c t o r  
o f  two o r  t h r e e ,  and  th e  u p p e r  l i m i t s  o f  many o rg an ism s  c o r re s p o n d  w ith  
t h e s e  l e v e l s .
E x p e rim en ts  h av e  shown t h a t  i n t e r t i d a l  f u c o id s  c a n n o t s u r v iv e  a t  
l e v e l s  above th o s e  w h ich  th e y  o ccu p y . Fucus s p i r a l i s  and  F. s e r r a t u s  . 
d ie d  when t r a n s p l a n t e d  above t h e i r  u p p e r  l i m i t s  ( T a b le  5 ) ,  and  H a tto n  
(1938) r e p o r t e d  t h e  same r e s u l t  w i th  F . v e s ic u lo s u s  and  A sco p h y llu m .
The u p p e r  l i m i t s  o f  t h e s e  seaw eeds a r e  a p p a r e n t ly  c o n t r o l l e d  b y  th e  
g r a d i e n t  o f  i n c r e a s i n g  e x p o su re  t o  a tm o s p h e r ic  c o n d i t i o n s .
D e s ic c a t io n  seem s t o  b e  t h e  m ost c r i t i c a l  s t r e s s  t o  w hich  seaw eeds 
a r e  s u b je c t e d  d u r in g  t i d a l  e x p o s u re . Many s p e c ie s  e x te n d  f u r t h e r  u p sh o re  
w h e re v e r  th e y  a r e  p r o t e c t e d  from  d e s i c c a t i o n  by  r e p e a te d  wave s p la s h  
(B urrow s e t  a l .  1 9 5 4 ; Lew is 1 9 6 4 ) ,  o r  by  an o v e r ly in g  canopy  o f  l a r g e r  
a lg a e  ( F is c h e r  1 9 2 9 i Menge 1 9 7 5 ) ,  o r  b y  i n h a b i t i n g  sh ad y  c r e v i c e s  o r  
n o r t h - f a c i n g  s lo p e s  (Jo h n so n  & S k u tc h  1 9 2 8 j F i s c h e r  1 9 2 9 ; Z a n e v e ld  1 9 3 7 ; 
H a tto n  1 9 3 8 ) .  H a tto n  a l s o  fo u n d  t h a t  t h e  s u r v i v a l  o f  h i s  t r a n s p l a n t s  
o f  F . v e s ic u lo s u s  and  A sco p h y llu m  c o u ld  b e  p ro lo n g e d  by  t r a n s f e r r i n g  
them  i n  d en se  clum ps w h ich  d ry  m ore s lo w ly  th a n  s i n g l e  p l a n t s , o r  by  
p l a c in g  them  b e n e a th  l a r g e  P e l v e t i a  p l a n t s .
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D e s ic c a t io n  was a l s o  o b s e rv e d  t o  r e g u l a t e  t h e  s e a s o n a l  f l u c t u a t i o n  
i n  t h e  u p p e r  l i m i t  o f  Fucus s p i r a l i s  on th e  I s l e  o f  Cum brae. l i n g s
o f  t h i s  s p e c ie s  w h ich  becam e e s t a b l i s h e d  in  th e  lo w e r  P e l v e t i a  zone 
d u r in g  th e  w i n t e r  w ere  i n v a r i a b l y  k i l l e d  by  t h e  f i r s t  p r o lo n g e d  e x p o su re  
t o  d ry  w e a th e r  i n  t h e  s p r i n g .  F l u c tu a t io n s  in  t h e  u p p e r  l i m i t s  o f  
P e l v e t i a  and  A scophy llum  a r e  l e s s  r e a d i l y  o b s e rv e d  l a r g e l y  b e c a u s e  
t h e i r  e a r l y  s ta g e s  d e v e lo p  v e ry  s lo w ly . Embryos w h ich  s e t t l e  d u r in g  
autum n a t  l e v e l s  above t h e i r  u p p e r  l i m i t s  w ould  b e  k i l l e d  b y  d ro u g h t 
th e  fo l lo w in g  summer b e f o r e  th e y  becom e c o n s p ic u o u s . N e v e r th e le s s ,  
" b u rn in g "  was o b s e rv e d  i n  a  few o f  t h e  h ig h e s t  A scophy llum  a t  th o s e  
t im e s  when th e  u p p e rm o st F . s p i r a l i s  w ere  s i m i l a r l y  a f f e c t e d ,  and  t h e  
e n t i r e  u p p e r  t h i r d  o f  th e  P e l v e t i a  zone was k i l l e d  by  d ro u g h t i n  s p r in g  
19T4. R e c o lo n iz a t io n  o f  t h e  u p p e r  P e l v e t i a  zone d id  n o t  o c c u r  d u r in g  
t h e  p r e s e n t  s tu d y  p r o b a b ly  b e c a u s e  th e  p ro lo n g e d  d ry  s p e l l s  o f  1975 and  
1976  rem oved t h e  f i r s t - y e a r  p l a n t s  w h i le  th e y  w ere  s t i l l  m ic r o s c o p ic .
L a b o ra to ry  e x p e r im e n ts  c o n f irm e d  t h a t  d e s i c c a t i o n  i s  t h e  p r im a ry  
c r i t i c a l  f a c t o r  g o v e rn in g  t h e  u p p e r  l i m i t s  o f  f u c o id s .  F i r s t l y ,  
e x p e r im e n ta l  p l a n t s  show ed re d u c e d  p h o to s y n th e s is  r a t e s  and d e v e lo p e d  
t i s s u e  damage a f t e r  b e in g  d r i e d  f o r  f i v e  h o u rs  a t  a  t e m p e ra tu re  and 
r e l a t i v e  h u m id ity  s i m i l a r  t o  th o s e  fo u n d  d u r in g  summer a t  I s l e  o f  
Cumbrae (T a b le  2 1 ) .  S e c o n d ly , i n  a  l a r g e  num ber o f  e x p e r im e n ts  
(sum m arized  in  T a b le  9 1 ) , t h e  e x t e n t  t o  w hich  th e  d i f f e r e n t  f u c o id s  w ere  
a f f e c t e d  by  d e s i c c a t i o n  c o r r e l a t e d  c o n s i s t e n t l y  w i th  t h e i r  r e l a t i v e  
p o s i t i o n s  on th e  s h o re  g r a d i e n t .  The same c o r r e l a t i o n  was o b s e rv e d  by  
B aker I 9 0 9 , 1910) i n  c u l t u r e s  o f  A scophy llum  and  Fucus i n  w h ich  th e  
p l a n t s  w ere  s u b je c t e d  t o  a  s e m id iu r n a l  " t i d a l "  e x p o su re  in  a  d ry in g  
a tm o sp h e re . M o n tfo r t  (1937 ) an d  S an d g ren  (1973) a l s o  fo u n d  t h a t  
Z* s p i r a l i s  resum ed  p h o to s y n th e s is  m ore r a p i d l y  and  c o m p le te ly  a f t e r  
an e x p e r im e n ta l  d e s i c c a t i o n  th a n  d id  m id sh o re  Fucus s p e c i e s .  S im i la r  
c o r r e l a t i o n s  b e tw e en  d e s i c c a t i o n  t o l e r a n c e  and d i s t r i b u t i o n a l  r a n g e s  
h av e  b e e n  r e p o r t e d  f o r  o t h e r  a l g a l  s p e c ie s  (B ie b l  1 9 5 2 ) ,  i n t e r t i d a l  
l im p e ts  (B ranoh  1975) an d  b a r n a c le s  (C o n n e ll  1 9 6 1 ) .
I t  was fo u n d  t h a t  P é l v ë t i à , F . s p i r a l i s  „ A scophy llum  an d  _F. 
v e s ic u lo s u s  can  a l l  s u r v iv e  d e h y d ra t io n  t o  a i r - d r y n e s s ,  and  d i f f e r
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l a r g e l y  i n  t h e  d u r a t io n  f o r  w h ich  th e y  can  t o l e r a t e  t h i s  s t r e s s .  T h is  
r e f l e c t s  th e  n a tu r e  o f  t h e  s h o re  g r a d i e n t ,  s in c e  d i f f e r e n t  l e v e l s  a r e  
e x p o sed  t o  t h e  same a tm o s p h e r ic  c o n d i t io n s  h u t  f o r  d i f f e r e n t  l e n g th s  
o f  t im e .  The d u r a t io n  o f  e x p e r im e n ta l  s t r e s s  each  s p e c ie s  c o u ld  
t o l e r a t e  was a c t u a l l y  s h o r t e r  th a n  t h e  lo n g e s t  t i d a l  e x p o s u re s  o c c u r r in g  
a t  i t s  u p p e r  d i s t r i b u t i o n a l  l i m i t  (T a b le  5 2 ) . T h is  d is c r e p a n c y  
p ro b a b ly  a ro s e  b e c a u s e  t h e  p l a n t s  w ere  s u b je c t e d  t o  a  m ore s e v e r e  s t r e s s  
i n  t h e  l a b o r a t o r y  t h a n  th e y  a r e  i n  n a tu r e .  F o r e x a m p le , t h e  e x p e r im e n ta l  
p l a n t s  d r i e d  much m ore q u ic k ly  th a n  in d iv i d u a l s  in  n a t u r a l  s t a n d s , i n  
w h ich  th e y  a r e  p r o t e c t e d  b y  t h e i r  n e ig h b o u r s .  A ls o ,  t h e  t e s t  p l a n t s  
w ere  m a in ta in e d  c o n s t a n t ly  a t  2 4 -2 9 ^ 0 , b u t  in  n a t u r e ,  r e l a t i v e l y  c o o l  
and  hum id co n d itio n s  a t  n ig h t  may p ro v id e  p a r t i a l  r e l i e f  d u r in g  a  
p r o lo n g e d  e x p o s u re .
A lth o u g h  th e  u p p e r  l i m i t s  o f  f u c o id s  a r e  d e te rm in e d  l a r g e l y  by  
d e s i c c a t i o n ,  o th e r  p h y s i c a l  f a c t o r s  may p la y  an  im p o r ta n t  r o l e  by  
m o d ify in g  th e  p h y s io l o g i c a l  e f f e c t s  o f  d e h y d r a t io n .  T h is  a p p e a rs  t o  
b e  p a r t i c u l a r l y  t r u e  o f  t e m p e r a t u r e , a s  f u c o id s  s u r v iv e d  e x p e r im e n ta l  
e x p o su re  f o r  lo n g e r  p e r io d s  when d r i e d  a t  lo w e r  te m p e ra tu re s  (T a b le  5 2 ) .  
One p o s s ib l e  e x p la n a t io n  o f  t h e  o b s e rv e d  te m p e ra tu re  e f f e c t  i s  t h a t  t h e  
r a t e  o f  d e s i c c a t i o n ,  b e in g  p r o p o r t i o n a l  t o  w a te r  v a p o u r p r e s s u r e  d e f i c i t ,  
i n c r e a s e s  r a p i d l y  w i th  t e m p e ra tu re  a t  any g iv e n  r e l a t i v e  h u m id i ty .
R a p id i ty  o f  d e h y d ra t io n  in f lu e n c e s  t h e  d e g re e  o f  damage in  many p l a n t s  
( L e v i t t  1 9 7 2 ) ,  and  may a l s o  do so  i n  f u c o id s .  M o reo v e r, t h e  h y g ro s c o p ic  
( w a te r - b in d in g )  c a p a c i ty  o f  f u c o id  t i s s u e s  i s  lo w e r  a t  25°0  th a n  a t  9°C 
(T a b le  2 7 ) ;  h e n c e  d e h y d ra t io n  becom es more s e v e r e  a t  a  g iv e n  w a te r  
p o t e n t i a l  as t e m p e ra tu re  r i s e s .  H ow ever, when t h e s e  tw o p o s s i b i l i t i e s  
w ere  e l im in a te d  by  e x p e r im e n ta l  d e s ig n ,  more s e v e r e  d ro u g h t damage was 
s t i l l  o b s e rv e d  in  p l a n t s  k e p t  a i r - d r y  a t  25°C th a n  a t  9°C . T h is  
t e m p e ra tu re  e f f e c t  i s  u n d o u b te d ly  im p o r ta n t  i n  n a t u r e ,  s in c e  sum m ertim e 
a i r  t e m p e r a tu r e s  o f t e n  r e a c h  25°C , and  in t e n s e  i n s o l a t i o n  may h e a t  
i n t e r t i d a l  f u c o id s  t o  30-40°C  (Schramm 1 9 6 8 ) . Schramm fo u n d  t h a t  
2" v e s ic u lo s u s  was m ore s e v e r e ly  a f f e c t e d  by  d e s i c c a t i o n  a t  3 0 -4 0 °c  
th a n  a t  20°C , and  c o n c lu d e d  t h a t  h e a t  s t r e s s  r a t h e r  t h a n  d e h y d ra t io n  
i s  th e  m ost im p o r ta n t  c a u se  o f  damage t o  n a t u r a l  p o p u la t io n s  o f  t h i s  
s p e c i e s .  H ow ever, p ro lo n g e d  e x p o su re  d u r in g  s p r in g  d ry  s p e l l s  r e s u l t e d
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i n  w id e s p re a d  damage t o  %. s p i r a l i s  a t  I s l e  o f  Cumbrae a lth o u g h  d a i l y  
maximum te m p e ra tu re s  d u r in g  t h e s e  e x p o su re s  w ere  o n ly  1 0 - l8 ° C . S in c e  
i t  i s  u n l i k e l y  t h a t  t h e  seaw eeds w ere  h e a te d  t o  c r i t i c a l  te m p e ra tu re s  
d u r in g  th e s e  e x p o s u re s ,  t h e  damage p ro b a b ly  r e s u l t e d  from  d r o u g h t .
In  o r d e r  t o  s tu d y  h e a t  t o l e r a n c e  i n  t h e  a b se n c e  o f  o t h e r  s t r e s s e s ,  
K anw isher (1 9 6 6 ) , B ie b l  (197*2), and  Feldm an & B u to v a  ( 1 9 6 3 ) p e rfo rm e d  
e x p e r im e n ts  on subm erged  a lg a e .  U n f o r tu n a te ly ,  su ch  t e s t s  a r e  o f  
d o u b tfu l  r e le v a n c e  t o  t h e  p r e s e n t  s tu d y ,  f o r  w i th in  t h e  g e o g ra p h ic  
ra n g e s  o f  Fucus s p p ,  P e l v e t i a  and  A sco p h y llu m , s e a w a te r  t e m p e ra tu re s  
n e v e r  r e a c h  c r i t i c a l  l e v e l s .  T h e r e f o r e ,  t h e s e  seaw eeds a r e  s u b je c t e d  
t o  h e a t  s t r e s s  i n  n a tu r e  o n ly  w h i le  ex p o sed  and  u n d e rg o in g  d e h y d r a t io n .  
Such d e h y d ra t io n  may b e  im p o r ta n t  t o  t h e i r  s u r v i v a l ,  as  i t  en h an ces  t h e i r  
h e a t  t o l e r a n c e  b y  s e v e r a l  d e g re e s  C e ls iu s  (Schramm I 9 6 8 , B ie b l  1 9 7 2 ) , 
M o reo v e r, h ig h  t e m p e r a tu r e  d u r in g  e x p o su re  c a u se s  t h e  m ost s e v e r e  i n j u r y  
when t h e  p l a n t s  a r e  o n ly  p a r t i a l l y  d e h y d ra te d  owing t o  h ig h  a tm o s p h e r ic  
h u m id i ty .  T h is  dam aging c o m b in a tio n  o f  h o t  and  hum id  c o n d i t io n s  may be  
o f  c r i t i c a l  im p o r ta n c e  d u r in g  th e  sum m er, s in c e  r e l a t i v e  h u m id ity  i s  
o f t e n  h ig h  in  t h e  im m ed ia te  v i c i n i t y  o f  th e  s e a .
Seaw eeds may a l s o  b e  e x p o se d  t o  e x tre m e ly  low  te m p e r a tu r e s  d u r in g  
low  t i d e ,  and a r c t i c  fu c o id s  a r e  o f t e n  f r o z e n  s o l i d  i n  i c e .  H ow ever, 
th e y  resum e n o rm a l p h o to s y n th e s i s  im m e d ia te ly  upon th a w in g  (K an w ish er 
1 9 5 7 ) ,  and even  te m p e ra te  p o p u la t io n s  o f  m id sh o re  fu c o id s  d e m o n s tra te  
f r o s t  t o l e r a n c e s  o f  - 2 0 °  t o  -3 5 ° 0  (P a rk e r  I 96O; Feldm an & B u to v a  1 9 6 3 ; 
B ie b l  19 7 2 ; B ird  & M cLachlan 1 9 7 4 ) . S in c e  t h e  lo w e s t  t e m p e ra tu re  
r e c o r d e d  on B r i t i s h  c o a s t s  i s  a b o u t - l6 ° C  (Lew is 1964) , f r e e z in g  i s  n o t 
an  im p o r ta n t  f a c t o r  on th e s e  s h o r e s .
A n o th e r  m o d ify in g  f a c t o r  i s  r a i n f a l l  d u r in g  t i d a l  e x p o s u re . T h is  
m ig h t m i t i g a t e  s t r e s s  by  p r e v e n t in g  o r  i n t e r r u p t i n g  d e s i c c a t i o n ,  b u t ,  
b e in g  f r e s h  w a t e r ,  i t  may a l s o  c a u se  an o sm o tic  sh o c k . R a i n f a l l  h a s  
b e e n  r e p o r t e d  t o  damage some i n t e r t i d a l  seaw eeds (den  H a rto g  I 9 6 8 ; 
E d e l s t e in  & M cLachlan 1 9 7 5 ) ,  and  to  r e t a r d  th e  g row th  r a t e  o f  P e l v e t i a  
(H a tto n  1 9 3 8 ) .  Den H a r to g  (1 9 6 8 ) s t a t e d  t h a t  e x p o s u re  to  f r e s h  w a t e r ,  
r a t h e r  th a n  d e s i c c a t i o n ,  i s  t h e  p r im a ry  c r i t i c a l  f a c t o r  o f  t h e  s h o re  
g r a d i e n t .  He c i t e d  as  e v id e n c e  t h e  lo w e r in g  o f  t h e  u p p e r  l i m i t s  o f
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i n t e r t i d a l  o rg an ism s  in  e s t u a r i e s  i n  w h ich  a  s u r f a c e  l a y e r  o f  v e ry  low  
s a l i n i t y  l i e s  o v e r  a  d e e p e r  l a y e r  o f  h ig h e r  s a l i n i t y .  H ow ever, t i d a l  
su b m e rs io n  in  b r a c k i s h  w a te r  i s  q u a l i t a t i v e l y  d i f f e r e n t  from  e x p o su re  
t o  r a i n .  Such e x p o su re  i n  i t s e l f  does n o t  a p p e a r  t o  b e  an im p o r ta n t  
s t r e s s ,  as  F. s p i r a l i s  tjerwi l i n g s  c o n tin u e d  t o  grow w i t h in  t h e  P e l v e t i a  
zone d u r in g  th e  w et w i n t e r  o f  1 9 7 4 -7 5 , and  s im u la te d  r a i n f a l l  e x e r t e d  
o n ly  a m ild  e f f e c t  on f u c o id s  i n  c u l t u r e .  H ow ever, s im u la te d  r a i n f a l l  
upon a i r - d r y  p l a n t s  com pounded d ro u g h t i n j u r y .  Sudden r e h y d r a t io n  b y  
f r e s h  w a te r  m ig h t c r e a t e  a  dam aging o sm o tic  s h o c k , w h ich  may e x p la in  
t h e  a d v e rs e  e f f e c t s  o f  r a i n f a l l  r e p o r t e d  by  o t h e r  i n v e s t i g a t o r s .
S in c e  d e s i c c a t i o n  h a s  c l e a r l y  em erged  as t h e  p r im a ry  c r i t i c a l  
f a c t o r  a s s o c i a t e d  w i th  t h e  s h o re  g r a d i e n t ,  i t  i s  l o g i c a l  t o  c o n s id e r  
w hat a d a p ta t io n s  t h e  u p s h o re  fu c o id s  have  e v o lv e d  t o  s u r v iv e  p ro lo n g e d  
d ry in g . H ig h e r  p l a n t s  a v o id  t i s s u e  d e s i c c a t i o n  by  means o f  s to m a ta  
w h ich  r e g u l a t e  t r a n s p i r a t i o n  r a t e s ,  and  r o o t s  w h ic h "a b so rb  w a te r  from  
th e  s o i l ,  b u t  lo w e r  p l a n t s  l a c k  th e s e  s t r u c t u r e s ,  and  do n o t  o f te n  
show t r u e  d ro u g h t a v o id a n c e  ( L e v i t t  1 9 7 2 ) . N e v e r th e le s s ,  s e v e r a l  
w o rk e rs  have  t r i e d  t o  d e te rm in e  w h e th e r  th e  u p s h o re  fu c o id s  can  r e t a r d  
t h e i r  t i s s u e  w a te r  l o s s  and th u s  a v o id  c o m p le te  d e h y d ra t io n  d u r in g  
t i d a l  e x p o s u re . Z a n e v e ld  (1937) fo u n d  t h a t  r e l a t i v e  r a t e s  o f  w a te r  
l o s s  d u r in g  an e x p e r im e n ta l  e x p o su re  d e c re a s e d  i n  t h e  o r d e r  F. s e r r a t u s  > 
F. v e s ic u lo s u s  > A scophy llum  > ^ .  s p i r a l i s  , and c o n c lu d e d  t h a t  th e  s lo w e r  
d e s i c c a t i o n  r a t e  o f  t h e  h ig h e r -g ro w in g  s p e c ie s  was o f  e c o lo g i c a l  
s i g n i f i c a n c e .  H ow ever, when K r i s t e n s e n  ( 1 9 6 8 ) m ea su red  d e s i c c a t i o n  
r a t e s  i n  a l l  f i v e  i n t e r t i d a l  f u c o i d s ,  t h e  d i f f e r e n c e s  d id  n o t  c o in c id e  
w ith  t h e i r  s h o re  z o n a t io n :  F . s p i r a l i s  > v e s ic u lo s u s  > F . s e r r a t u s  >
P e l v e t i a  > A sco p h y llu m . S a n d g ren  (1973) m ea su red  r e l a t i v e  d e h y d ra t io n  
r a t e s  i n  F, s p i r a l i s  and  th e  m id sh o re  s p e c ie s  F . d i s t i c h u s , and fo u n d  
no s i g n i f i c a n t  d i f f e r e n c e  b e tw e en  t h e s e  two s p e c i e s .
The t r e n d s  r e p o r t e d  b y  K r i s t e n s e n  and Z a n e v e ld  may hav e  a r i s e n  
from  d i f f e r e n c e s  i n  s i z e ,  h a b i t  o f  g row th  and  s u r f a c e  t o  m ass r a t i o  
b e tw e en  th e  t e s t  p l a n t s  o f  t h e  d i f f e r e n t  s p e c i e s .  A f t e r  t h e s e  f a c t o r s  
w ere ta k e n  i n t o  a c c o u n t i n  t h e  p r e s e n t  s tu d y ,  t h e  t i s s u e s  o f  P e l v e t i a  
and  F. s p i r a l i s  d id  n o t  e x h i b i t  a  g r e a t e r  i n t r i n s i c  a b i l i t y  t o  r e t a r d  
w a te r  l o s s  th a n  th o s e  o f  F. s e r r a t u s . F u r th e rm o re ,  t h e  s u r f a c e s  o f
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f u c o id s  e v a p o ra te  w a te r  a lm o s t a s  f a s t  as  a  f r e e  s e a w a te r  s u r f a c e ,  and  
do n o t  form  a  b a r r i e r  t o  f u r t h e r  w a te r  l o s s  a f t e r  p a r t i a l  d e h y d r a t io n ,  
as  was s u g g e s te d  by  B e r a r d - T h e r r i a u l t  & C a r d in a l  (1 9 7 3 a ) . T h e r e f o r e ,  
any p o s t u l a t e d  d ro u g h t a v o id a n c e  by  u p s h o re  fu c o id s  m ust b e  b a s e d  on 
some o t h e r  s t r a t e g y  su ch  a s  t h a l l u s  s h a p e , s u r f a c e  t o  m ass r a t i o ,  h a b i t  
o f  g row th  o r  a g g r e g a t io n  o f  i n d i v i d u a l s .  W ith  r e g a r d  t o  t h a l l u s  s h a p e , 
t h e  c h a n n e l le d  P e l v e t i a  t h a l l u s  a c t u a l l y  p e rm i ts  a  more r a p i d  w a te r  
l o s s  th a n  th e  Fucus b l a d e .  B la c k  (1949a) s u g g e s te d  t h a t  u p s h o re  fu c o id s  
may d ry  m ore s lo w ly  th a n  m id sh o re  s p e c ie s  ow ing t o  a  lo w e r  s u r f a c e  t o  
m ass r a t i o ,  b u t  t h i s  t r e n d  was fo u n d  o n ly  in  t h e  v e ry  young p l a n t s ,  and 
was r e v e r s e d  in  v e g e t a t i v e  a d u l t  p l a n t s  ( T ab le  9 ) .  P e l v e t i a *s b u sh y  
h a b i t  o f  g row th  h a s  a l s o  b e e n  c i t e d  a s  a  s t r a t e g y  t o  a v o id  d e h y d ra t io n  
d u r in g  e x p o su re  ( I s a a c  1 9 3 3 ) . H ow ever, when t h e  com bined  e f f e c t s  o f  
h a b i t  o f  g ro w th , a g g r e g a t io n  and  b io m a ss  d e n s i ty  w ere  c o n s id e r e d ,  th e  
d e g re e  o f  m u tu a l p r o t e c t i o n  was fo u n d  t o  b e  s i m i l a r  i n  m a tu re  s ta n d s  
o f  F . s p i r a l i s  an d  P e l v e t i a , and  g r e a t e r  i n  A scophy llum  (T a b le s  1 2 - 1 5 ) .
D u rin g  e x p o su re  t o  h o t  w e a th e r ,  r a p i d  w a te r  l o s s  i s  p ro b a b ly  
a d v a n ta g e o u s , s in c e  damage d u r in g  su ch  e x p o su re  i s  m ost s e v e r e  when th e  
t i s s u e s  a r e  m a in ta in e d  a t  a  r e l a t i v e l y  h ig h  w a te r  p o t e n t i a l .  T h e re fo re  
i t  m ig h t b e  a rg u e d  t h a t  t h e  l a c k  o f  d ro u g h t a v o id a n c e  i n  u p s h o re  
f u c o id s  r e p r e s e n t s  an  a d a p ta t i o n  t o  p ro lo n g e d  t i d a l  e x p o s u re . I n  t h i s  
c o n te x t  i t  seems p a r a d o x ic a l  t h a t  t h e  young s ta g e s  o f  P e l v e t i a  and  F. 
s p i r a l i s  s h o u ld  e x h i b i t  d ro u g h t a v o id a n c e  s t r a t e g i e s  su ch  a s  den se  
a g g r e g a t io n ,  u n le s s  t h e s e  young p l a n t s  a re  l e s s  a b le  t o  t o l e r a t e  
d e h y d ra t io n  th a n  a r e  t h e  a d u l t  p l a n t s .  T h is  a p p e a rs  t o  b e  t r u e  in  
c u l t u r e ,  w here z y g o te s  o f  P e l v e t i a  and F . s p i r a l i s  showed p o o r 
g e rm in a t io n  and  g ro w th  when e x p o se d  f o u r  h o u rs  p e r  day t o  an a tm o sp h e re  
a t  8 -1 2 °C , 80 - 90% r e l a t i v e  h u m id i ty .  I n d e e d , c u l t u r e d  z y g o te s  o f  _F. 
s p i r a l i s  r e q u i r e  n e a r l y  c o n s ta n t  su b m e rs io n  t o  d e v e lo p  (T . H ruby p e r s o n a l  
c o m m u n ic a tio n ) . How, t h e n ,  a r e  f u c o id s  r e c r u i t e d  on t h e  s h o re  i f  t h e  
z y g o te s  a r e  so  s e n s i t i v e  t o  d e s ic c a t io n ?  The answ er may l i e  in  t h e  
n a tu r e  o f  t h e  s u b s tr a tu m . I n  t h e  l a b o r a t o r y ,  t h e  z y g o te s  w ere  c u l t u r e d  
on g l a s s  s l i d e s  w h ich  becam e q u i t e  d ry  d u r in g  s im u la te d  t i d a l  e x p o s u re .
On th e  s h o r e ,  t h e  s e t t l e  i n  t i n y  c ra c k s  and  c r e v i c e s  w h ich  may
a f f o r d  p r o t e c t i o n  from  d e s i c c a t i o n .  P e l v e t i a  z y g o te s  som etim es s e t t l e
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and  g e rm in a te  i n  t h e  c h a n n e l o f  t h e  a d u l t  p l a n t , w hich  c u r l s  a ro u n d  
them  d u r in g  d ry in g  c o n d i t io n s  (Moss 1 9 7 4 ) . The g e rm lin g s  may e i t h e r  
d e v e lo p  e p i p h y t i c a l l y  on t h e  a d u l t  p l a n t , o r  f a l l  o u t and  a t t a c h  them ­
s e lv e s  t o  t h e  ro c k .  F u c o id  may a l s o  b e  p r o t e c t e d  b y  s m a ll  g re e n
a lg a e  su ch  a s  E n te ro m o rp h a . The p r e s e n c e  o f  t h e s e  a lg a e  h a s  b e e n  shown 
t o  en h an ce  th e  e s ta b l i s h m e n t  an d  g ro w th  o f  P . v e s ic u lo s u s  g e rm lin g s  on 
t h e  s h o re  (H a tto n  1 9 3 2 ; Jo n e s  1 9 4 8 ; K n ig h t & P a rk e  1950 ; S o u th w ard  1962) 
and  o f  F . s p i r a l i s  g e rm lin g s  i n  s im u la te d  t i d a l  c u l t u r e s  (T . H ruby , 
p e r s o n a l  c o m m u n ic a tio n ) .
When t h e  u p p e r  s h o re  i s  s u b je c t e d  t o  a  p ro lo n g e d  e x p o su re  d u r in g  
warm d ry  w e a th e r ,  a l l  t h e s e  s t r a t e g i e s  w ould  b e  e x p e c te d  t o  f a i l ,  s in c e  
e n t i r e  a l g a l  s ta n d s  and  t h e  ro c k y  s u b s tr a tu m  i t s e l f  may become th o ro u g h ly  
d ry . As a  r e s u l t  t h e  f u c o id  g e rm lin g s  m ust a l s o  becom e a i r - d r y ,  w h ich  
th e y  c o u ld  n o t  t o l e r a t e  i n  c u l t u r e .  H ow ever, i t  i s  p o s s ib l e  t h a t  f u c o id  
em bryos seem  d ro u g h t s e n s i t i v e  o n ly  b e c a u s e  th e y  a r e  p ro n e  t o  e x tre m e ly  
r a p i d  d e h y d ra t io n  ow ing t o  t h e i r  s m a ll  s i z e  and  h ig h  s u r f a c e  t o  m ass 
r a t i o .  The em bryos c u l t u r e d  on g l a s s  s l i d e s  becam e d ry  w i th in  t h e  
f i r s t  h o u r  o f  e x p o s u re ,  a s  th e y  m ig h t on a  sm o o th , ex p o sed  ro c k  s u r f a c e  
on th e  s h o r e .  On t h e  o th e r  h a n d , em bryos l o c a t e d  in  s h e l t e r e d  m ic ro ­
h a b i t a t s  u n d o u b te d ly  d ry  much more g r a d u a l ly .  P l a n t s  o f t e n  t o l e r a t e  
d e h y d ra t io n  t o  a  g iv e n  w a te r  p o t e n t i a l  much b e t t e r  when d r i e d  s lo w ly  
th a n  when d r i e d  r a p i d l y  ( L e v i t t  1 9 7 2 ) . T h e re fo re  any s h e l t e r  w h ich  
s im p ly  r e t a r d s  w a te r  l o s s  w i th o u t  p r e v e n t in g  u l t i m a t e  a i r - d r y n e s s  m ig h t 
b e  s u f f i c i e n t  t o  e n s u re  t h e  s u r v i v a l  o f  f u c o id  em bryos. The a g g r e g a t io n  
o f  m a c ro sc o p ic  f i r s t - y e a r  p l a n t s  p ro b a b ly  h a s  a  s i m i l a r  f u n c t io n .
S in c e  th e  g r e a t e s t  d a n g e r  t o  t h e  a d u l t  p l a n t  may b e  f a i l u r e  t o  become 
th o ro u g h ly  d ry  d u r in g  h o t  w e a th e r ,  r a t h e r  t h a n  e x c e s s iv e ly  r a p i d  
d e h y d r a t io n ,  i t  i s  n o t  s u r p r i s i n g  t h a t  d ro u g h t a v o id a n c e  s t r a t e g i e s  
a r e  e x h ib i t e d  o n ly  b y  t h e  e a r l y  s ta g e s  o f  u p s h o re  f u c o id s .
A s i z e - r e l a t e d  d i f f e r e n c e  i n  d ro u g h t t o l e r a n c e  was o b s e rv e d  in  
m a c ro sc o p ic  f i r s t - y e a r  F. s p i r a l i s  w h ich  c a n n o t b e  a t t r i b u t e d  to  
d i f f e r e n t  d e s i c c a t i o n  r a t e s  a lo n e ,  s in c e  t h i s  f a c t o r  was e l im in a te d  
in  th e  e x p e r im e n t (T a b le  4 6 ) .  T h is  r e s u l t  m ig h t b e  e x p la in e d  by  t h e  
o b s e r v a t io n  t h a t  t h e  l a r g e r  p l a n t s  in  a  dense  s ta n d  a r e  more d i r e c t l y  
ex p o sed  t o  t h e  a tm o sp h e re  t h a n  t h e  s m a l le r  p l a n t s  g ro w in g  b e tw e e n  th em .
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A d ro u g h t s t r e s s  s u f f i c i e n t  t o  in d u c e  h a rd e n in g  o f  t h e  l a r g e r , m ore 
e x p o sed  p l a n t s  m ig h t n o t  in d u c e  such  h a rd e n in g  i n  t h e  s m a l l e r , p r o t e c t e d  
p l a n t s .  H ow ever, t h e  u n d e r s to r e y  o f  s m a l le r  p l a n t s  som etim es shows 
re m a rk a b le  d ro u g h t r e s i s t a n c e .  When th e  u n d e r s to r e y  in  a  s m a ll  p a tc h  
o f  F . s p i r a l i s  was e x p e r im e n ta l ly  ex p o sed  i n  May 1976 h y  rem o v in g  a  
s e v e r e ly  damaged to p  l a y e r ,  t h e  s m a l l  p l a n t s  re m a in e d  h e a l th y  and  grew  
d e s p i t e  , s u b s e q u e n t a b n o rm a lly  h o t  w e a th e r  ( P l a t e  1 0 ) .  A p p a r e n t ly ,  
t h e  d ry  s p e l l  i n  A p r i l  o f  t h a t  y e a r  w hich  damaged t h e  to p  l a y e r ,  
s im u l ta n e o u s ly  in d u c e d  d ro u g h t h a rd e n in g  i n  t h e  u n d e r s to r e y .
T hese o b s e r v a t io n s  s u g g e s t  t h a t ,  i n  o r d e r  t o  s u r v iv e  on th e  u p p e r  
s h o r e ,  th e  v e ry  young p l a n t s  m ust b e  p a r t i a l l y  b u t  n o t  c o m p le te ly  
p r o t e c t e d  from  d e s i c c a t i o n .  They m ust n o t  u ndergo  a  f a t a l l y  r a p i d  
d e h y d r a t io n ,  b u t  t h e y  m ust b e  s u b je c t e d  t o  s u f f i c i e n t  d ry in g  t o  in d u c e  
d ro u g h t h a r d e n in g ,  so  t h a t  th e y  can  t o l e r a t e  i n c r e a s i n g l y  s e v e r e  
e x p o su re  as  th e y  grow l a r g e r  and  becom e m ore e x p o se d  t o  th e  w e a th e r .
The d ro u g h t a v o id a n c e  s t r a t e g i e s  o f  th e  z y g o te s  an d  . l i n g s  seem  t o  
f u n c t io n  e x a c t ly  i n ' t h i s  way.
C l e a r l y ,  d ro u g h t r e s i s t a n c e  o f  u p sh o re  f u c o id s  i s  b a s e d  l a r g e l y  on 
b io c h e m ic a l  and  p h y s io l o g i c a l  p r o p e r t i e s  w hich  r e n d e r  t h e i r  t i s s u e s  
c a p a b le  o f  becom ing  a i r - d r y  w i th o u t  harm . An i n v e s t i g a t i o n  o f  t h e s e  
a d a p ta t io n s  i s  b e y o n d  t h e  sc o p e  o f  t h e  p r e s e n t  s tu d y ,  b u t  s e v e r a l  
f e a t u r e s  o f  d ro u g h t i n j u r y  and  t o l e r a n c e  i n  fu c o id s  r e f l e c t  some o f  
t h e  b io c h e m ic a l  a s p e c t s  o f  s t r e s s  d i s c u s s e d  i n  d e t a i l  b y  L e v i t t  (1 9 7 2 ) . 
C r i t i c a l  i n t e n s i t i e s  o f  d r o u g h t ,  f r e e z in g  and  h e a t  s t r e s s  a l l  c a u se  a  
s i m i l a r  se q u en c e  o f  e v e n ts  w h ich  b e g in s  w ith  a  r e v e r s i b l e  d é n a t u r a t i o n ,  
o r  u n f o ld in g  o f  t h e  c e l l ' s  p r o t e i n s .  T h is  e x p o ses  th e  -SH and  -SS g ro u p s 
o f  t h e  p r o t e i n s  w h ich  may th e n  p a r t i c i p a t e  i n  o x i d a t iv e  r e a c t i o n s  o r  ex ch an g e  
r e a c t i o n s  r e s u l t i n g  i n  i n te r m o le c u la r  d i s u l f i d e  b o n d s . The no rm al 
f u n c t io n  o f  p r o t e i n  m o le c u le s  th u s  a g g re g a te d  i s  p e rm a n e n tly  d e s t r o y e d  
s in c e  th e y  can  no lo n g e r  resum e t h e i r  n a t i v e  c o n f i g u r a t io n  when th e  
s t r e s s  i s  r e l i e v e d .  Commonly, t h e s e  changes o c c u r  q u ic k ly  a t  t h e  
o n s e t  o f  s t r e s s ,  b u t  may d e v e lo p  s lo w ly  in  r e s i s t a n t  t i s s u e s .
When a  t i s s u e  u n d e rg o e s  d e h y d r a t io n ,  m e c h a n ic a l  s t r e s s  d e v e lo p s  
in  t h e  c e l l  m em branes w h ich  f o r c i b l y  u n fo ld s  some o f  t h e  m o le c u le s  i n  
t h e  in n e r  and  o u t e r  p r o t e i n  l a y e r s .  S im u l ta n e o u s ly ,  t h e  i n t e r v e n i n g
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l i p i d  l a y e r  may b e  d i s r u p t e d ,  c a u s in g  p o in t s  o f  d i r e c t  c o n ta c t  b e tw e en  
th e  tw o p r o t e i n  l a y e r s , a t  w h ich  d e n a tu re d  m o le c u le s  may fo rm  d i s u l f i d e  
b o n d s . T h is  c r e a t e s  " h o le s " ,  r e s u l t i n g  i n  a  d ra m a tic  r i s e  i n  membrane 
p e r m e a b i l i t y .  Such membrane damage i s  i n d i c a t e d  by a  l o s s  o f  c e l l  
s o lu t e s  and  an i n a b i l i t y  t o  r e im b ib e  enough w a te r  t o  r e - e s t a b l i s h  c e l l  
t u r g o r ,  b o th  common f e a t u r e s  o f  d r o u ^ t  and  f r o s t  i n j u r i e s  ( L e v i t t  1 9 7 2 ) . 
The i n i t i a l  w e ig h t  l o s s  a f t e r  d r y in g  i n  f u c o id  a lg a e ,  w hich  r e s u l t s  
from  in c o m p le te  r e i m b ib i t i o n  and  l o s s  o f  t i s s u e  s u b s ta n c e s ,  p re su m a b ly  
r e f l e c t s  s i m i l a r  membrane dam age.
T h is  th e o r y  a l s o  e x p la in s  why f u c o id s  a r e  v e ry  t o l e r a n t  o f  f r o s t .  
F re e z in g  c a u se s  t h e  same s t r e s s  a s  d r y in g ,  s in c e  w a te r  d i f f u s e s  o u t 
o f  th e  c e l l s  and  f r e e z e s  i n  t h e  i n t e r c e l l u l a r  s p a c e s .  At -1 5 °C , 
A scophy llum  l o s e s  o n ly  76%, an d  F . v e s ic u lo s u s  82% o f  t h e i r  i n t r a ­
c e l l u l a r  w a te r  (K an w ish er 1957)*  S in c e  t h e s e  s p e c ie s  s u rv iv e d  
b r i e f  d e h y d ra t io n  t o  a  w a te r  l o s s  o f  more th a n  90%, i t  i s  n o t  s u r p r i s i n g  
t h a t  f u c o id s  can  t o l e r a t e  f r e e z i n g  t o  te m p e ra tu re s  much lo w e r  th a n  - 15 °C.
When s t r e s s  i s  n o t  s u f f i c i e n t l y  s e v e re  t o  damage m em branes, b u t  i s  
p r o lo n g e d ,  h a rm fu l m e ta b o lic  im b a la n c e s  may g r a d u a l ly  d e v e lo p  o v e r  a  
p e r i o d  o f  t im e .  Some v i t a l  b io c h e m ic a l  r e a c t i o n s  a r e  i n h i b i t e d  more 
th a n  o th e r s  by  a  s u b c r i t i c a l  s t r e s s ,  w i th  t h e  r e s u l t  t h a t  some e s s e n t i a l  
s u b s ta n c e s  may become d e p le te d  o r  t o x i c  s u b s ta n c e s  may a c c u m u la te .
F o r  in s ta n c e ^  i n  th e  l e a v e s  o f  h ig h e r  p l a n t s ,  p h o to s y n th a te  may become 
d e p le te d  d u r in g  d ro u g h t .  As t h e  l e a v e s  b e g in  t o  l o s e  w a t e r , t h e  
s to m a ta  c lo s e  and  c u r t a i l  p h o to s y n th e s i s  lo n g  b e f o r e  r e s p i r a t i o n  i s  
a r r e s t e d .  H ow ever, s in c e  lo w e r  p l a n t s  l a c k  s to m a ta ,  t h e i r  p h o to s y n th e t i c  
r a t e s  may rem a in  f a s t e r  th a n  t h e i r  r e s p i r a t i o n  u n t i l  d e h y d ra t io n  i s  
s e v e r e  enough t o  i n h i b i t  b o th  p r o c e s s e s .  T h is  h a s  b e e n  d e m o n s tra te d  
i n  l i c h e n s  (B rock  1 9 7 5 ) ,  f u c o id s  o f  s a l t  m arsh es  (B r in k h u is  & Tem pel 
1 9 7 5 ) a n d  o t h e r  i n t e r t i d a l  seaw eeds (Jo h n so n  e t  a l .  1 9 7 4 ) . O th e r  fo rm s 
o f  m e ta b o lic  i n j u r y  hav e  b e e n  r e p o r t e d ,  n o ta b ly  a  n e t  b reakdow n o f  
p r o t e i n s  w h ich  a r i s e s  b e c a u s e  t h e  com plex pa thw ays o f  p r o t e i n  s y n th e s i s  
a r e  e a s i l y  d i s r u p t e d  by  s t r e s s  ( L e v i t t  1 9 7 2 ) .
D rough t i n j u r y  i n  f u c o id s  shows t h r e e  f e a t u r e s  w h ich  i n d i c a t e  t h a t  
m e ta b o lic  i n j u r y  may b e  in v o lv e d .  F i r s t l y ,  s e v e r i t y  o f  damage i s  
d e p e n d en t upon th e  d u r a t io n  o f  s t r e s s  w h ich  s u g g e s ts  t h a t  g r a d u a l
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m e ta b o lic  ch an g es o c c u r  in  t h e  a i r - d r y  t h a l l u s .  S e c o n d ly , damage 
becom es more s e v e r e  a s  t e m p e r a tu r e  i s  in c r e a s e d .  S in c e  th e  r a t e s  
o f  b io c h e m ic a l  r e a c t i o n s  a r e  d i r e c t l y  r e l a t e d  t o  t e m p e r a t u r e , m e ta b o lic  
s t r e s s  i n j u r y  i s  g e n e r a l l y  a c c e l e r a t e d  by  h ig h  te m p e r a tu r e  ( L e v i t t  1 9 7 2 ) . 
T h i r d ly ,  th e  e f f e c t s  on P e l v e t i a  and  F. s p i r a l i s  o f  e x p o s u re  a t  h ig h  
te m p e ra tu re  a r e  m i t i g a t e d  by  low  r e l a t i v e  h u m id i ty .  As a  p l a n t  t i s s u e  
becom es m ore and  m ore d e h y d ra te d ,  a l l  b io c h e m ic a l  r e a c t i o n s  a r e  e v e n tu a l ly  
i n h i b i t e d  so  t h a t  m e ta b o lic  im b a la n c e s  a c c ru e  v e ry  s lo w ly  i f  a t  a l l .  I t  
a p p e a rs  l i k e l y  t h a t  t h e  s e c o n d a ry  f a c t o r s  o f  te m p e ra tu re  an d  h u m id ity  
m od ify  th e  e f f e c t s  o f  d ro u g h t s t r e s s  th ro u g h  t h e i r  in f lu e n c e  on t h e  r a t e  
o f  m e ta b o lic  ch an g es i n  t h e  a i r - d r y  p l a n t .
I t  m ig h t seem  p a r a d o x ic a l  t h a t  t im e -d e p e n d e n t  d ro u g h t damage in  
fu c o id s  i s  c h a r a c t e r i z e d  by  an i n i t i a l  w e ig h t l o s s ,  w h ich  s u g g e s t s  membrane 
damage r a t h e r  th a n  m e ta b o lic  im b a la n c e . H ow ever, i n t e r m o le c u la r  d i s u l f i d e  
b o n d in g  som etim es o c c u rs  g r a d u a l ly  and  may depend  on te m p e ra tu re  o r  w a te r  
p o t e n t i a l  as  do o t h e r  b io c h e m ic a l  r e a c t i o n s  ( L e v i t t  1 9 7 2 ) . A ls o ,  p r o t e i n  
b reakdow n o r  o th e r  m e ta b o lic  c h a n g es  m ig h t g r a d u a l ly  e ro d e  t h e  p l a n t ’ s 
d e fe n c e s  a g a in s t  membrane i n j u r y ,  so  t h a t  b o th  ty p e s  o f  damage u l t i m a t e l y  
o c c u r .
In  a d d i t i o n  to  t im e -d e p e n d e n t  d ro u g h t i n j u r y ,  some im m ed ia te  membrane 
damage a p p e a rs  t o  o c c u r  i n  Fucus sp p . e x p o sed  u n d e r  s e v e r e  c o n d i t io n s  
(T a b le s  2 1 , 2 3 ) .  T h is  e f f e c t  i s  l e a s t  p ro n o u n ce d  i n  F . s p i r a l i s , 
a l th o u g h  i t  was o b s e rv e d  i n  a l l  e x c e p t  e x p e r im e n ta l ly  h a rd e n e d  p l a n t s .
I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  an  im m ed ia te  i n j u r y  can  b e  d e m o n s tra te d  
i n  P e l v e t i a  o n ly  when i t  i s  d e h y d ra te d  t o  n e a r  0% h u m id i ty .  S in c e  t h e  
h u m id ity  n e v e r  a p p ro a c h e s  0% on th e  s h o r e ,  P e l v e t i a  c a n  b e  c o n s id e r e d  
immune t o  im m ed ia te  i n j u r y  u n d e r  any c o n d i t io n  t o  w h ich  i t  i s  l i k e l y  
t o  b e  s u b je c t e d  i n  n a t u r e .
Im m unity t o  membrane damage d u r in g  s t r e s s  may b e  b a s e d  on any 
b io c h e m ic a l  a d a p ta t i o n  w h ich  im pedes e i t h e r  p r o t e i n  d é n a tu r a t i o n  o r  
r e a c t i o n  b e tw e en  ex p o sed  -SH o r  -S S -  g ro u p s . One o f  t h e  s im p le s t  
s t r a t e g i e s  i s  th e  c o n v e rs io n  o f  s t a r c h e s  t o  s u g a rs  o b s e rv e d  in  
d ro u g h t and  f r o s t  h a r d e n in g ,  w h ich  r e s u l t s  i n  an  i n c r e a s e d  o sm o tic  
p o t e n t i a l  ( L e v i t t  1 9 7 2 ) . T h is  d e c re a s e s  t h e  p e r c e n t  w a te r  l o s s  
d u r in g  d e h y d ra t io n  t o  a  g iv e n  w a te r  p o t e n t i a l ,  so  t h a t  t h e  c e l l  s h r in k s  
l e s s ,  and  s u f f e r s  l e s s  m e c h a n ic a l  s t r e s s  i n  i t s  m em branes.
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A h ig h  d ry  m a t t e r  c o n te n t  m ig h t b e  e x p e c te d  t o  c o n fe r  t h e  same 
a d v a n ta g e ;  i n  f a c t ,  a  v e ry  s t r o n g  c o r r e l a t i o n  b e tw e en  d ro u g h t 
t o l e r a n c e  and  p e r c e n t  d ry  m a t t e r  was o b s e rv e d  in  Fucus s p i r a l i s  (F ig u r e s  
27- 2 9 ) .  In  n a t u r a l  p o p u la t io n s  o f  t h i s  s p e c i e s ,  d ry  m a t te r  c o n te n t  
a n d  d ro u g h t t o l e r a n c e  b o th  r i s e  t o  a  s e a s o n a l  maximum i n  l a t e  summer. 
T h is  s u g g e s ts  t h a t  p r o g r e s s iv e l y  w arm er and d r i e r  c o n d i t io n s  i n  s p r in g  
and  summer in d u c e  a d ro u g h t h a rd e n in g  p r o c e s s ,  p a r t  o f  w hich  m ig h t b e  
a c c u m u la tio n  o f  d ry  m a t t e r .  E x p e r im e n ta l  e v id e n c e  s u p p o r ts  t h i s  hy­
p o t h e s i s .  F i r s t l y ,  F . s p i r a l i s  p l a n t s  c o l l e c t e d  from  t h e  u p p e r  s h o re  
c o n ta in e d  m ore d ry  m a t t e r  and  w ere  m ore d ro u g h t h a rd y  th a n  p l a n t s  
s im u l ta n e o u s ly  c o l l e c t e d  from  th e  m id d le  s h o re  w here  e x p o su re  i s  l e s s  
s e v e r e .  S e c o n d ly , when e x p o se d  d a i l y  t o  s u b c r i t i c a l  d e s i c c a t i o n ,
_F. s p i r a l i s  showed a  d ra m a tic  i n c r e a s e  i n  d ro u g h t t o l e r a n c e  w i t h in  s i x  
d a y s , w hich  was acco m p an ied  by  an in c r e a s e ,  i n  d ry  m a t te r  c o n te n t  
( F ig u re  3 2 ) .
H ow ever, i t  w ou ld  b e  i n c a u t io u s  t o  c o n c lu d e  from  t h e s e  r e s u l t s  
t h a t  d ry  m a t te r  c o n te n t  d e te rm in e s  d ro u g h t t o l e r a n c e ,  e s p e c i a l l y  s in c e  
t h e  c o r r e l a t i o n  was n o t a lw ay s c o n s i s t e n t .  F o r e x a m p le , u n d e r  
e x p e r im e n ta l  c u l t u r e  c o n d i t i o n s ,  t h e  d ry  m a t te r  c o n te n t  o f  F . s p i r a l i s  
in c r e a s e d  in  co m p a riso n  w i th  c o n t r o l s  w i th o u t  a  c o r r e s p o n d in g  d e c re a s e  
i n  i n i t i a l  w e ig h t  l o s s  a f t e r  d ry in g  (F ig u re  3 2 ) . F u r th e r  m o re , 
sam p les  o f  F. s p i r a l i s  w h ich  w ere  c o l l e c t e d  in  A ugust 1976 a f t e r  two 
d a y s ' s e v e r e  d e s i c c a t i o n  on t h e  s h o re  and  t e s t e d  im m e d ia te ly  i n  th e  
l a b o r a to r y  h a d  v e ry  h ig h  d ry  m a t t e r  c o n te n ts  b u t  w ere no more d ro u g h t 
t o l e r a n t  th a n  o t h e r  summer c o l l e c t e d  m a t e r i a l  (T a b le  4 2 ) .  The d ry  
m a t t e r  c o n te n t  o f  t h e s e  p l a n t s  may have  b e e n  e l e v a te d  b y  in c o m p le te  
r e i m b i b i t i o n  o f  w a te r  a f t e r  d r y in g .  I t  i s  p o s s ib l e  t h a t  t h i s  i n c r e a s e  
i n  d ry  m a t te r  i s  i n c i d e n t a l  t o  d ro u g h t h a rd e n in g . A l t e r n a t i v e l y ,  
t h e  i n c r e a s e  i n  d ry  m a t t e r  c o n te n t  may be  th e  f i r s t  e v e n t  i n  a  com plex  
h a rd e n in g  p r o c e s s  w h ich  h a d  n o t  b e e n  c o m p le te d  when t h e  e x p e r im e n ta l  
p l a n t s  w ere  t e s t e d  i n  t h e  l a b o r a t o r y .  I t  i s  u n l i k e l y  t h a t  t h e  n a t u r a l  
d e s i c c a t i o n  was so  s e v e r e  t h a t  t h e  p l a n t s  c o u ld  n o t  r e c o v e r  s u f f i c i e n t l y  
t o  become h a rd e n e d , s in c e  o th e r  p l a n t s  c o l l e c t e d  th e  same day and  u s e d  
i n  o t h e r  c u l t u r e  e x p e r im e n ts  showed o n ly  s l i g h t  t i s s u e  dam age.
- 5
-10
o
CD
O)c
(O
s z
u
-15
U)
(D
$ - 2 0
(C
-t—>
c
- 2 5
302618 2 2
(air-dry wt, /  wet wt.) x 100 %
F ig u r e  32 . R e l a t i o n s h i p  b e tw e e n  i n i t i a l  w e ig h t  l o s s  a f t e r  d r y in g  and  r a t i o  
o f  a i r - d r y  w e ig h t t o  w e t w e ig h t (Mean ± s t a n d a r d  d e v ia t i o n )  in  
sam p les  o f  5 t o  25 F ucus s p i r a l i s . t e s t e d  im m e d ia te ly  a f t e r  
c o l l e c t i o n  and  a f t e r  v a r io u s  p r e - t r e a tm e n t s  i n  t h e  l a b o r a t o r y .  
A l l  p l a n t s  w ere  d r i e d  f o r  36 t o  UU h o u rs  a t  2 ^ -2 9 °C , 30-60% 
r e l a t i v e  h u m id i ty .
V p l a n t s  h a rd e n e d  b e f o r e  e x p e r im e n ta l  d r y in g  
▼ n o t  h a rd e n e d
A c u l t u r e d  f o r  2 ^  day s i n  12 h o u r  d a i l y  i l l u m i n a t i o n  and
12 h o u r  d a i l y  su b m e rs io n  d u r in g  d a rk  p e r i o d
A c u l t u r e d  f o r  2h days i n  12 h o u r  d a i l y  i l l u m i n a t i o n  and
12 h o u r  d a i l y  s u b m e rs io n  d u r in g  l i g h t  p e r io d
o a s  c o l l e c t e d ;  no p r e - t r e a tm e n t
The r e g r e s s i o n  l i n e  shown in  F ig u re  27 i s  r e p r o d u c e d  h e r e  f o r  
c o m p a riso n .
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I n  P e l v e t i a , d ry  m a t te r  c o n te n t  a g a in  was n o t  c o n s i s t e n t l y  
c o r r e l a t e d  w ith  d ro u g h t t o l e r a n c e .  The d ry  m a t te r  c o n te n t  o f  t h i s  
s p e c ie s  r i s e s  t o  a  v e ry  h ig h  s e a s o n a l  maximum i n  sum m er, an d  f a l l s  t o  
a  v a lu e  l i t t l e  h ig h e r  th a n  t h a t  o f  P. s p i r a l i s  i n  w i n t e r ,  h u t  d ro u g h t 
t o l e r a n c e  i n  P e l v e t i a  re m a in s  h ig h  y e a r  ro u n d . C l e a r l y ,  t h e  d ro u g h t 
t o l e r a n c e  o f  b o th  s p e c ie s  i s  b a s e d  i n  p a r t  on o t h e r  b io c h e m ic a l  
a d a p t a t i o n s .
The l a r g e  q u a n t i t y  o f  a l g i n a t e  and fu c o id a n  in  f u c o id  t i s s u e s  h a s  
b e e n  c i t e d  as  an im p o r ta n t  a d a p ta t i o n  t o  d e s i c c a t i o n  (Z a n e v e ld  193T ; 
B e r a r d - T h e r r i a u l t  & .C a r d in a l  1 9 7 3 a , 1973b ; L e s ta n g  & Q u i l l e t , i n  p r e s s ) .  
One o f  th e  p r o p e r t i e s  o f  t h e s e  p o ly s a c c h a r id e s  i s  t o  r e t a i n  a  l a r g e  
amount o f  " c o l l o i d a l  w a te r"  when d r i e d ,  w hich  may re d u c e  c e l l  s h r in k a g e  
d u r in g  d e h y d ra t io n  i n  th e  same way as  w ould  an e le v a te d  d ry  m a t te r  
c o n te n t .  A lg in a te  i s  c h a r a c t e r i s t i c a l l y  q u i t e  h y g ro s c o p ic  a t  v e ry  low  
w a te r  p o t e n t i a l s  (L e s ta n g  & Q u i l l e t  in  p r e s s ) ,  b u t  does n o t  a p p e a r  t o  b e  
in v o lv e d  in  t h e  s p e c i a l  d ro u g h t a d a p ta t io n s  o f  u p sh o re  f u c o id s .  A lg in a te  
i s  n o t  more a b u n d a n t in  P e l v e t i a  and  _F. s p i r a l i s  th a n  in  m id sh o re  f u c o id s  
and  th e  c o n te n t  i n  a l l  s p e c ie s  f a l l s  t o  a  s e a s o n a l  minimum i n  l a t e  summer 
when d ro u g h t t o l e r a n c e  w ou ld  b e  m ost im p o r ta n t  (B la c k  1 9 ^ 8 a , 19^9% )' 
F u r th e rm o re , t h e  a i r - d r y  t i s s u e s  o f  P e l v e t i a , Fucus s p i r a l i s  and  F . 
s e r r a t u s  have  e q u a l  h y g ro s c o p ic  c a p a c i t i e s  a t  w a te r  p o t e n t i a l s  o f  -665  
b a r s  and  be low  ( T a b le  8 ) .
F u c o id a n , w h ich  becom es v e ry  h y g ro s c o p ic  o n ly  a t  h ig h  r e l a t i v e  
h u m id i ty ,  i s  m ost a b u n d a n t i n  P e l v e t i a  and p r o g r e s s iv e l y  l e s s  so  i n  
Z* s p i r a l i s , A sc o p h y llu m , F . v e s ic u lo s u s  an d  F . s e r r a t u s  (L e s ta n g  & 
Q u i l l e t ,  i n  p r e s s ) .  T h e r e f o r e ,  a t  r e l a t i v e l y  h ig h  w a te r  p o t e n t i a l s ,  
u p s h o re  fu c o id s  w ou ld  b e  e x p e c te d  t o  r e t a i n  more w a te r  th a n  m id sh o re  
s p e c i e s .  T h is  was o b s e rv e d  i n  F . s p i r a l i s  b u t  n o t  i n  P e l v e t i a  (T a b le  
8 ) ,  w h ich  s u g g e s ts  t h a t  t h e  l a t t e r  a c t u a l l y  c o n ta in s  a  l e s s  h y g ro s c o p ic  
fo rm  o f  t h i s  p o ly s a c c h a r id e .  The m ost im p o r ta n t  p r o p e r ty  o f  fu c o id a n  
may b e  i t s  io n  exchange  c a p a c i ty  r a t h e r  th a n  i t s  w a te r  r e t e n t i o n .
L e s ta n g  & Q u i l l e t  (1973) p r e s e n te d  c o n s id e r a b le  e v id e n c e  t h a t  th e  
p o ly m e r iz e d  s u l f a t e  e s t e r s  w h ich  c o m p rise  fu c o id a n  f u n c t io n  to  rem ove 
e x c e s s  sodium  from  t h e  c e l l .  S in c e  one e f f e c t  o f  d e h y d ra t io n  i s  a  
d r a s t i c  r i s e  i n  s a l t  c o n c e n t r a t io n  in  t h e  c e l l s ,  and  h ig h  s a l t
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c o n c e n t r a t io n  o f te n  p ro m o te  p r o t e i n  a g g r e g a t io n ,  e x c r e t i o n  o f  sodium  
io n  may b e  an im p o r ta n t  f a c t o r  i n  d ro u g h t a d a p ta t i o n .  The s u l f a t e  
f r a c t i o n  o f  th e  fu c o id a n  o f  P e l v e t i a  shows a  tu r n o v e r  r a t e  o f  l6% p e r  
h o u r  (L e s ta n g  & Q u i l l e t  1973) com pared  t o  10% p e r  h o u r  i n  2» v e s ic u lo s u s  
r e p o r t e d  by  B id w e ll  & Ghosh (1 9 6 3 ) , w h ich  s u g g e s ts  t h a t  P e l v e t i a  m ig h t 
p o s s e s s  a  fo rm  o f  f u c o id a n  w hich  i s  u n u s u a l ly  e f f e c t i v e  i n  e l im i n a t i n g  
e x c e s s  i n t r a c e l l u l a r  sod ium .
T here  i s  some e v id e n c e  t h a t  t h e  c o m p o s itio n  o f  t h e  l i p i d s  in  
fu c o id s  a l s o  p la y  a  r o l e  i n  t h e i r  s t r e s s  t o l e r a n c e .  Haas & H i l l  (1933) 
and  Liem & L au r (1976) fo u n d  t h a t  th e  l i p i d s  o f  P e l v e t i a  a re  more 
s a t u r a t e d  th a n  th o s e  o f  o t h e r  f u c o i d s ,  and  r e l a t e d  t h i s  d i f f e r e n c e  t o  
t h e  g r e a t e r  e x p o su re  t o  h o t  w e a th e r  t h i s  s p e c ie s  m ust e n d u re . The 
d e g re e  o f  s a t u r a t i o n  o f  membrane l i p i d s  may d e te rm in e  how th e s e  
membranes r e a c t  t o  s t r e s s  a t  d i f f e r e n t  te m p e ra tu re s  ( L e v i t t  1 9 7 2 ) . A 
s a t u r a t e d  l i p i d  l a y e r  i n  t h e  membrane may become s t i f f  and  " c ra c k "  a t  
v e ry  low  t e m p e r a tu r e s ,  c a u s in g  g r e a t e r  c o n ta c t  b e tw e en  th e  p r o t e i n  
l a y e r s ,  w h i le  an u n s a tu r a te d  l i p i d  l a y e r  w ou ld  rem a in  i n t a c t .  H ow ever, 
a t  h ig h  te m p e ra tu re s  u n s a tu r a t e d  l i p i d s  " m e lt"  and  a  s a t u r a t e d  l i p i d  
l a y e r  w ou ld  more e f f e c t i v e l y  k eep  t h e  p r o t e i n  l a y e r s  s e p a r a t e .  I n  
f u c o i d s ,  s e a s o n a l  v a r i a t i o n s  i n  l i p i d  s a t u r a t i o n  and  t o l e r a n c e s  t o  
e x tre m e s  o f  t e m p e r a tu r e  s u p p o r t  t h i s  h y p o th e s i s .  L ip id  s a t u r a t i o n  in  
Fucus v e s ic u lo s u s  and  F . s e r r a t u s  r e a c h e s  a  maximum i n  summer and  a  
minimum i n  w in t e r  (L iem  & L au r 1 9 7 6 ) ,  and  t h e  same s p e c ie s  r e a c h  t h e i r  
g r e a t e s t  h e a t  t o l e r a n c e  i n  summer and  t h e i r  g r e a t e s t  f r o s t  t o l e r a n c e  in  
w in t e r  (Feldm an & L u to v a  1 9 6 3 ) .  T h is  s u g g e s ts  t h a t  t h e  g r e a t e r  s a t u r a t i o n  
o f  th e  l i p i d s  o f  P e l v e t i a  en hance  t h i s  s p e c i e s '  a b i l i t y  t o  t o l e r a t e  
e x p o su re  t o  h o t  w e a th e r .  Liem & L au r (1 9 7 5 5 1976) a l s o  r e p o r t e d  t h a t  
P e l v e t i a  c o n ta in s  m ore s u l f o l i p i d s  th a n  o th e r  f u c o i d s . S in c e  s u l f o -  
l i p i d s  a r e  an i n t e g r a l  p a r t  o f  p ig m e n t- b e a r in g  m em branes i n  c h lo r o p l a s t s  
( C o l l i e r  & Kennedy I 9 6 3 , Kennedy & C o l l i e r  1963s H itc h c o c k  & N ic h o ls  1 9 7 1 ) , 
th e y  m igh t p la y  an  im p o r ta n t  r o l e  i n  t h e  s t a b i l i t y  o f  t h e s e  s t r u c t u r e s  
d u r in g . d e h y d ra t io n  o r  o t h e r  s t r e s s .  A sid e  from  th e s e  few  f in d in g s  and  
s p e c u l a t i o n s ,  th e  b io c h e m ic a l  a s p e c t s  o f  s t r e s s  r e s i s t a n c e  i n  f u c o id s  
rem a in  l a r g e l y  u n e x p lo re d .
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In  a d d i t i o n  t o  t o l e r a t i n g  d e s i c c a t i o n ,  u p sh o re  fu c o id s  m ust o b ta in  
an a d e q u a te  s u p p ly  o f  d i s s o lv e d  m in e r a l  n u t r i e n t s  f o r  g row th  d u r in g  
b r i e f  and  i n f r e q u e n t  t i d a l  s u b m e rs io n s . L o g i c a l ly ,  f o r  each  a l g a l  
s p e c i e s ,  t h e r e  m ust b e  some p o i n t  on t h e  s h o re  g r a d i e n t  above w h ich  
i t  c a n n o t grow ow ing t o  n u t r i e n t  s c a r c i t y .  S in c e  t h e  u p p e r  l i m i t  
o f  F . s p i r a l i s  i s  o f t e n  e x p o sed  90% o f  t h e  t im e ,  and  t h a t  o f  P e l v e t i a  
may o n ly  b e  w e t te d  by  w a v e s p la s h  ( Colman 1 9 3 3 ; Evans 1 9 ^T a , 1 9 ^ T b ) , 
n u t r i e n t  s c a r c i t y  m ig h t b e  e x p e c te d  t o  p la y  a  r o l e  i n  d e te rm in in g  
th e s e  u p p e r  l i m i t s .  B ak e r & B o h lin g  (1 9 1 6 ) a s c r i b e d  t h e  d w a rf in g  
o f  s a l t - m a r s h  f u c o id s  a t  h ig h  l e v e l s  t o  t h i s  f a c t o r ,  s in c e  th e  s a l t  
m arsh  h a b i t a t  i s  n o t  c h a r a c t e r i z e d  by  s e v e re  d e s i c c a t i o n ,
In  t i d a l - s im u lâ t io n  c u l t u r e s ,  s low  g ro w th  o f  P e l v e t i a  and  F. 
s p i r a l i s  i n  fo u r  h o u rs  d a i l y  su b m e rs io n  was c l e a r l y  r e l a t e d  t o  n u t r i e n t  
l i m i t a t i o n  s in c e  t h i s  e f f e c t  was l a r g e l y  e l im in a te d  by  u s in g  a  
s u f f i c i e n t l y  e n r ic h e d  medium. H ow ever, g row th  r a t e s  o f  n a t u r a l  
p o p u la t io n s  o f  t h e s e  s p e c ie s  i n  t h e i r  u s u a l  zones w ere s i m i l a r  t o  
th o s e  o b ta in e d  i n  c o n s ta n t  su b m e rs io n  i n  c u l t u r e  (T a b le  5 3 ) , I t  
sh o u ld  b e  n o te d  h e re  t h a t  s e a  te m p e ra tu re s  and  mean d a i l y  t o t a l  v i s i b l e  
r a d i a t i o n  d u r in g  th e  m onths o f  O c to b e r  t o  F e b ru a ry  a r e  ro u g h ly  s i m i l a r  
t o  th o s e  r e a l i z e d  i n  c u l t u r e ,  b u t  t h a t  n u t r i e n t  c o n d i t io n s  i n  n a tu r e  
and  i n  c u l t u r e  c a n n o t b e  a d e q u a te ly  com pared . D u rin g  su b m e rs io n  i n  
n a t u r e ,  t h e  seaw eeds hav e  a c c e s s  t o  an e s s e n t i a l l y  u n r e s t r i c t e d  volum e 
o f  s e a w a te r ,  w h i le  i n  c u l t u r e  t h e  volum e i s  q u i t e  s m a l l .  T h is  may 
e x p la in  why th e  fu c o id s  a r e  much m ore n u t r i e n t - l i m i t e d  by  s h o r t  t i d a l  
su b m e rs io n  i n  c u l t u r e  th a n  th e y  seem  t o  b e  on th e  s h o re .
The g row th  r a t e  o f  F . s p i r a l i s  i n  n a tu r e  becam e s l i g h t l y  s lo w e r  
to w a rd  t h e  to p  o f  i t s  z o n e , and  m ark e d ly  s lo w e r  a t  t h e  3 ,0 5  m l e v e l ,  
a t  w hich  P e l v e t i a  grew  a t  i t s  maximum r a t e  ( T a b le  5 3 ) .  B r in k h u is  & 
Jo n e s  (1 9 7 6 ) r e p o r t e d  t h a t  A scophy llum  i n  s a l t  m arsh e s  grow s m ore 
s lo w ly  n e a r  th e  to p  o f  i t s  zone th a n  i t  does f u r t h e r  down, and 
a t t r i b u t e d  t h i s  p a r t l y  t o  n u t r i e n t  l i m i t a t i o n .  H ow ever, s e v e r a l  
r e s u l t s  and  o b s e r v a t io n s  i n  t h e  p r e s e n t  s tu d y  i n d i c a t e  t h a t  n u t r i e n t  
l i m i t a t i o n  does n o t  c o n t r i b u t e  t o  t h e  d i f f e r e n t i a t i o n  o f  t h e  u p p e r  
l i m i t s  o f  F . s p i r a l i s  and  P e l v e t i a . F i r s t l y ,  P e l v e t i a  wa s  n o t  c l e a r l y
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T a b le  53: C om parison  o f  l i n e a r  g ro w th  r a t e s  (mean ±
s ta n d a r d  d e v ia t io n )  o f  P e l v e t i a  and  Fucus 
s p i r a l i s  i n  c u l t u r e  w ith  g row th  r a t e s  o b s e rv e d  
i n  n a t u r a l  p o p u l a t i o n s . D a ta  f o r  n a t u r a l  
p o p u la t io n s  a re  t h e  same as  th o s e  w h ich  a p p e a r  
i n  T a b le  6 l .
heigh t
growth ra te s  
populations
in  n a tu ra l 
mm/month growth ra te s
species
above
chart
datum
e arly  Sept -  
end Oct.
end Oct -  
mid Feb.
mid Feb -  
mid May
in  constan t 
submersion in  
c u ltu re  mm/month
P e lv e tia 2 .9 5 4 .9  ± 2 .4 5 .8  ± 1 .8 7 .0 ± 1 .5 3 .9 - 9 .9
3 .0 5 T.O ± 3 .0 6 .8  ± 1 .1 9 .0 ± 1 .6
T .l ± 2 .3 6 .2  ± 1 .4 7 .6 ± 1 .1
Fucus
s p ir a l i s
2 .6 5
2 .T 5
2 2 .1  ± 2 .T
2 3 .1  ± 3 .1
1 5 .3  ± 2 .7  
1 5 . 2  ± 2 .9
2 1 .9
1 8 .0
± 2 .3  
± 5 -6
1 0 .8 - 2 2 .6
2 .8 5 1 0 .5  ± 3 .1 1 1 .1  ± 1 .7 1 8 .7 ± 3 .6
3 .0 5 6 .0  ± 2 .0 5 .5  ± 2 .2 7 .3 ± 1 .4
m ore e f f i c i e n t  i n  e x p l o i t i n g  a l i m i t e d  su p p ly  o f  n u t r i e n t s  i n  c u l t u r e  
t h a n  was jF. s p i r a l i s . A lth o u g h  F. s p i r a l i s  i n i t i a l l y  grew  m ore s lo w ly  
th a n  P e l v e t i a  when subm erged  f o u r  h o u rs  p e r  day i n  d i l u t e  m e d ia , i t  
becam e a d a p te d  t o  th e  s h o r t  n u t r i e n t  su p p ly  and  u l t i m a t e l y  grew  f a s t e r  
th a n  P e l v e t i a . S e c o n d ly , s u m m e r-c o lle c te d  m a t e r i a l  o f  b o th  s p e c ie s  
grew  a lm o s t a s  f a s t  when subm erged  o n ly  two h o u rs  p e r  day  i n  a  d i l u t e  
medium as when subm erged  tw e n ty - tw o  h o u rs  p e r  d ay . T h is  s t r o n g l y  s u g g e s ts  
t h a t  b o th  s p e c ie s  h a d  becom e a d a p te d  t o  sum m er-tim e minimum n u t r i e n t  
c o n c e n t r a t io n s  i n  t h e  s e a .  T h i r d l y ,  t h e  r e d u c t io n  in  t h e  g ro w th  o f  
F . s p i r a l i s  w i th  d i s t a n c e  u p s h o re  was no l e s s  m arked  d u r in g  autum n and  
w in t e r  when n u t r i e n t s  w ere  m ost a b u n d a n t in  t h e  s e a  th a n  d u r in g  s p r i n g ,  
when th e  a n n u a l p h y to p la n k to n  in c r e a s e  b e g a n  t o  d e p le t e  th e  s u p p ly . 
D e s ic c a t io n  r a t h e r  t h a n  n u t r i e n t  s c a r c i t y  p ro b a b ly  r e s t r i c t e d  t h e  g row th  
o f  _F. s p i r a l i s  i n  t h e  P e l v e t i a  zo n e . T h is  h a s  b e e n  d e m o n s tra te d  f o r  
F . v e s ic u lo s u s  and  A scophy llum  g ro w in g  n e a r  t h e  to p s  o f  t h e i r  zones
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(H a tto n  1 9 3 8 ) . I s o l a t e d  p l a n t s  a t  t h i s  l e v e l  grew  s lo w ly ,  h u t  p l a n t s  
i n  m u tu a l ly  p r o t e c t e d  clum ps grew  a s  r a p i d l y  a s  dow nshore p l a n t s  o f  
t h e  same s p e c i e s .  When H a tto n  th in n e d  th e s e  clum ps t o  s i n g l e  p l a n t s ,  
t h e  g ro w th  r a t e s  o f  th e  re m a in in g  i n d iv i d u a l s  d e c re a s e d  s i g n i f i c a n t l y .
W hile  P e l v e t i a  and  F. s p i r a l i s  w ere  e q u a l ly  e f f i c i e n t  i n  u t i l i z i n g  
a  l i m i t e d  n u t r i e n t  s u p p ly  i n  c u l t u r e ,  _F. s e r r a t u s  was d i s t i n c t l y  l e s s  
e f f i c i e n t  ( T a b le  4 7 ) .  H ow ever, t h i s  s p e c ie s  s t i l l  grew  m ore th a n  
h a l f  as  f a s t  i n  a  one h o u r  s e m id iu r n a l  su b m e rs io n  a s  i n  an e le v e n  h o u r 
su b m e rs io n . T h e r e f o r e ,  i t s  u p p e r  l i m i t  n e a r  MTL i s  p ro b a b ly  d e te rm in e d  
n o t  b y  n u t r i e n t  l i m i t a t i o n  b u t  b y  o t h e r  f a c t o r s .
S h o r t  and  in f r e q u e n t  t i d a l  su b m e rs io n  a l s o  r e s t r i c t s  t h e  a v a i l a b i l i t y  
o f  d i s s o lv e d  in o r g a n ic  c a rb o n ,  and  P e l v e t i a  and  _F. s p i r a l i s  m ust be  
c a p a b le  e i t h e r  o f  v e ry  r a p i d  a b s o r p t io n  o f  c a rb o n  d io x id e  d u r in g  
su b m e rs io n  o r  o f  u s in g  a tm o s p h e r ic  c a rb o n  d io x id e  d i r e c t l y .  S e v e r a l  
i n v e s t i g a t o r s  h av e  a s s e s s e d  by  means o f  p h o to s y n th e s is  m easu rem en ts  
th e  e f f i c i e n c y  w ith  w h ich  seaw eeds can  u t i l i z e  a tm o s p h e r ic  c a rb o n  
d i o x id e ,  and  th e  r e s u l t s  hav e  b e e n  v e ry  v a r i a b l e .  B id w e ll  & C r a ig ie  
(1 9 6 3 ) m ea su red  th e  u p ta k e  o f  by F , v e s ic u lo s u s  from  a  damp
a tm o sp h e re  c o n ta in in g  1% CO^. They fo u n d  t h a t  a l th o u g h  t h e  p l a n t s  
s u f f e r e d  no d e s i c c a t i o n ,  t h e i r  a s s i m i l a t i o n  r a t e s  i n  t h i s  a tm o sp h e re  
w ere  l e s s  th a n  one q u a r t e r  o f  th o s e  o f  subm erged  p l a n t s  u n d e r  th e  same 
c o n d i t io n s  o f  l i g h t  and  te m p e r a tu r e .  U sing  s i m i l a r  m e th o d s , K rem er 
and  S ch m itz  (1973) fo u n d  much g r e a t e r  f i x a t i o n  o f  CO^ fro m  th e  a tm o sp h e re  
by  t h r e e  s p e c ie s  o f  F u c u s . F. s p i r a l i s  p h o to s y n th e s iz e d  100%,
F. v e s ic u lo s u s  75% and  F . s e r r a t u s  54% as f a s t  i n  t h e  a tm o sp h e re  as  th e y  
d id  i n  s e a w a te r ,  w h ich  r e l a t e s  l o g i c a l l y  t o  t h e i r  o r d e r  o f  o c c u r r e n c e  
on t h e  s h o r e .  K rem er (1976) fo u n d  t h a t  P e l v e t i a  p h o to s y n th e s iz e s  a t  
s i m i l a r  r a t e s  when ex p o sed  and  when subm erged , and  r e p o r t e d  t h a t  t h e  
d i s t r i b u t i o n  o f  l a b e l  among p h o to s y n th a te s  was a l s o  s i m i l a r  d u r in g  
e x p o su re  and  s u b m e rs io n . B r in k h u is ,  Tem pel & J o n e s  (1976) m ea su red  
COg u p ta k e  o f  s a l t - m a r s h  e c a d s  o f  A scophy llum  and  Fucus v e s ic u lo s u s  
w h i le  e x p o sed  t o  a  d ry in g  a tm o sp h e re  n o t  e n r ic h e d  w i th  ad d ed  CO^. They 
fo u n d  t h a t  p h o to s y n th e s is  r a t e s  o f  t h e s e  s p e c ie s  a c t u a l l y  in c r e a s e d  
somewhat a s  t h e  p l a n t s  l o s t  t h e  f i r s t  30% o f  t h e i r  t i s s u e  w a te r ,  
f o llo w e d  by  o n ly  a  g r a d u a l  d e c re a s e  up t o  50- 6o% l o s s , and  a v e ry  r a p i d
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d e c l in e  t o  z e ro  t h e r e a f t e r .  E .G . O l i v i e r a  ( p e r s o n a l  com m u n ica tio n ) 
fo u n d  t h a t  P e l v e t i a  a l s o  p h o to s y n th e s iz e s  b e s t  when s l i g h t l y  d e h y d ra te d ,  
and  re m a in s  above t h e  c o m p e n sa tio n  p o in t  u n t i l  i t  h a s  l o s t  70% o f  i t s  
t i s s u e  w a te r .  The m ost d r a m a tic  r i s e  i n  p h o to s y n th e s is  r a t e s  w i th  
e x p o su re  and  p a r t i a l  d e s i c c a t i o n  was r e p o r t e d  by  Jo h n so n  e t  a l  (1974) 
f o r  th e  m id sh o re  s p e c ie s  Eueus d i s t i c h u s . E xposed  t o  th e  a tm o sp h e re  
and  s l i g h t l y  d e h y d ra te d ,  t h i s  s p e c ie s  f ix e d  c a rb o n  a t  o v e r  s i x  t im e s  
th e  r a t e  i t  a c h ie v e d  i n  s e a w a te r ,  and  th e  r a t e  was s t i l l  h a l f  o f  t h i s  
maximum v a lu e  when t h e  t i s s u e s  h a d  l o s t  60% o f  t h e i r  w a te r .  T h ree  
o t h e r  i n t e r t i d a l  s p e c ie s  showed th e  same p a t t e r n ,  a l th o u g h  t o  a  somewhat 
l e s s e r  d e g re e . They a t t r i b u t e d  t h i s  re m a rk a b le  f in d in g  t o  an en h an ced  
d i f f u s i o n  o f  Co^ i n t o  t h e  c e l l s  o f  th e  p a r t l y  d r i e d  t h a l l u s .
One d i f f i c u l t y  w i th  t h e s e  m easu rem en ts  i s  t h a t  one c a n n o t u se  t h e  
same m ethod  f o r  d e te rm in in g  p h o to s y n th e t i c  r a t e s  i n  s e a w a te r  and  in  t h e  
a i r .  R e s u l ts  o b ta in e d  b y  d i f f e r e n t  m ethods may c o n ta in  d i f f e r e n t  
i n h e r e n t  s o u rc e s  o f  e r r o r ,  and  may n o t b e  s t r i c t l y  c o m p a ra b le . A 
f u r t h e r  p ro b le m  i s  t h a t  r e l e a s e  o f  oxygen  o r  co n su m p tio n  o f  c a rb o n  
d io x id e  does n o t  p ro v e  t h a t  g row th  i s  t a k in g  p l a c e .  F o r ex a m p le ,
G a il  (1 9 2 2 ) r e p o r t e d  t h a t  sam p les  o f  v e s ic u lo s u s  e v o lv e d  some oxygen 
when subm erged  to  d e p th s  o f  up t o  35 m e t r e s ,  b u t  d id  n o t  grow when 
subm erged  m ore th a n  a  m e tr e .  F o r t h e s e  r e a s o n s ,  u t i l i z a t i o n  o f  
a tm o s p h e r ic  c a rb o n  d io x id e  by  u p s h o re  fu c o id s  was i n v e s t i g a t e d  b y  means 
o f  g row th  r a t e  m easu rem en ts  r a t h e r  t h a n  m easu rem en ts  o f  gas ex ch an g e . 
P e l v e t i a  and_F. s p i r a l i s  d e f i n i t e l y  u t i l i z e d  a tm o s p h e r ic  c a rb o n  d io x id e^  
a l th o u g h  o n ly  30-40% as  e f f i c i e n t l y  a s  in o r g a n ic  c a rb o n  d i s s o lv e d  in  
s e a w a te r  (T a b le  4 9 ) .  T h is  r e s u l t  c o r r o b o r a te s  e v id e n c e  p r e s e n te d  
by  StrO m gren ( 1 9 7 6 ) t h a t  f u c o id s  can  grow w h ile  e x p o se d . S trfJm gren 
u se d  l a s e r  d i f f r a c t i o n  t o  m ea su re  l e n g th  d e c re a s e  o f  a p ic e s  o f  P e l v e t i a , 
Fucus s p p . , and  A scophy llum  d u r in g  f i f t e e n  t o  s i x t y  m in u te s  e x p o su re  t o  
a  d ry in g  a tm o sp h e re . R a te s  o f  s h r in k a g e  w ere much lo w e r  i n  a lg a e  
d e s ic c a t e d  in  b r i g h t  l i g h t  th a n  in  a lg a e  d r i e d  u n d e r  su b d u ed  l i g h t  and 
o th e r w is e  s i m i l a r  c o n d i t io n s .  He a t t r i b u t e d  t h i s  t o  l ig h t - d e p e n d e n t  
g row th  o c c u r r in g  s im u l ta n e o u s ly  w ith  d e h y d r a t io n ,  and  t h i s  was su b ­
s t a n t i a t e d  when t h e  a p ic e s  w ere  r e s o a k e d  and  fo u n d  t o  r e c o v e r  w i th in  
e ig h t  m in u te s  t o  l e n g th s  e x c e e d in g  t h e i r  o r i g i n a l  l e n g t h s .
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I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  P e l v e t i a  and  P . s p i r a l i s  b o th  grew  
much m ore s lo w ly  when i l l u m i n a t e d  d u r in g  th e  tw e lv e  h o u r s ’ e x p o s u re  o f  
a  1 2 /1 2  d i u r n a l  t i d a l  c y c le  t h a n  when i l l u m i n a te d  d u r in g  t h e  tw e lv e  
h o u r s ' su b m e rs io n  (T a b le  4 9 ) .  T h is  r e s u l t  was c o n s id e r e d  s u r p r i s i n g  
f o r  two r e a s o n s .  F i r s t l y ,  t h e s e  s p e c ie s  grew  q u ic k ly  when subm erged  
o n ly  one h o u r  p e r  tw e lv e  i n  t h e  t i d a l  s im u l a t o r ,  and  s e c o n d ly  t h e y  
grow as r a p i d l y  i n  t h e i r  u p s h o re  zo n es  as th e y  do i n  c o n s ta n t  su b m e rs io n  
i n  c u l t u r e .  I t  was i n i t i a l l y  su p p o sed  t h a t  some o f  t h e  p h o to s y n th a te  
p ro d u c e d  by  e x p o sed  seaw eeds i s  d i v e r t e d  to w a rd  b u i l d i n g  up s p e c i f i c  
d ro u g h t“ t o l e r a n c e  m echan ism s. H ow ever, t h i s  i s  a p p a r e n t ly  n o t  t h e  
c a s e ,  as t h e  p l a n t s  e x p o sed  d u r in g  th e  l i g h t  c y c le  u n d e rw en t no 
d ro u g h t“ h a rd e n in g  (T a b le  5 0 ) .
C l e a r l y ,  one o f  t h e  m e ta b o lic  s t e p s  b e tw een  th e  p r im a ry  l i g h t  
r e a c t i o n  and s y n th e s i s  o f  new t i s s u e  c a n n o t o c c u r  e f f i c i e n t l y  u n le s s  
th e  a lg a  i s  subm erged  w h i le  i l l u m i n a t e d .  I f  c a rb o n  d io x id e  a b s o r p t io n  
i s  t h e  c r i t i c a l  s t e p ,  th e n  t h e  p l a n t  m ust be  c a p a b le  o f  a c c u m u la t in g , 
d u r in g  a o n e -h o u r  s u b m e rs io n , a s  much in o r g a n ic  c a rb o n  a s  i t  n o rm a lly  
a b s o rb s  d u r in g  an e n t i r e  d ay . F u r th e rm o re , i t  m ust b e  c a p a b le  o f  d o in g  
so  o n ly  w h ile  i l l u m i n a t e d ;  o th e r w is e  th e  p l a n t s  ex p o sed  d u r in g  
i l l u m i n a t i o n  i n  t h e  e x p e r im e n t w ou ld  have  o b ta in e d  t h e i r  su p p ly  d u r in g  
t h e i r  n ig h t t im e  s u b m e rs io n . I t  m ig h t a l s o  b e  a rg u e d  t h a t  c e l l s  c a n n o t 
e lo n g a te  d u r in g  e x p o su re  ow ing t o  a  l a c k  o f  t u r g o r  p r e s s u r e .  T h is  w ould  
c e r t a i n l y  b e  t r u e  o f  t h e  p a r t i a l l y  d e s ic c a t e d  p l a n t s  i n  w h ich  Jo h n so n  e t  
a l  (1 9 7 4 ) fo u n d  h ig h  p h o to s y n th e t i c  r a t e s .  I n  my e x p e r im e n t ,  t h e  
ex p o sed  p l a n t s  w ere  k e p t  i n  a  hum id a tm o sp h e re  i n  w h ich  l i t t l e  d e s i c c a t i o n  
o c c u r r e d ;  how ever s u f f i c i e n t  l o s s  o f  t u r g o r  m ig h t h av e  o c c u r r e d  to  
i n h i b i t  c e l l  e lo n g a t io n .  T h is  w ou ld  im ply  n o t o n ly  t h a t  t h e  c e l l s  o f  
subm erged  p l a n t s  u n d e rg o  m ost o f  t h e i r  e lo n g a t io n  w h i le  i l l u m i n a t e d ,  
b u t  a l s o  t h a t  th e y  can  a c c o m p lish  enough e lo n g a t io n  d u r in g  one  h o u r  
i l l u m i n a t e d  su b m e rs io n  p e r  day t o  a c h ie v e  a n o rm a l g row th  r a t e . T h is  
i s  n o t  a s  u n l i k e l y  as  i t  seem s. B urrow s ( l9 5 ^ )  fo u n d  t h a t  Fucus z y g o te s  
c u l t u r e d  in  t h e  d a rk  u n d e rg o  c e l l  d i v i s i o n s  w i th o u t  i n c r e a s i n g  in  s i z e ,  
w ith  th e  r e s u l t  t h a t  su ch  em bryos a r e  com posed o f  a  l a r g e  num ber o f  s m a ll  
c e l l s .  When t r a n s f e r r e d  from  v e ry  dim l i g h t  t o  b r i g h t  l i g h t ,  L a jn in a r ia  
s a c c h a r in a  showed a  v e ry  r a p i d  e x p a n s io n  o f  t h e  b la d e  n e a r  t h e  m e r is te m
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(B urrow s 1 9 6 4 ) . T h is  s u g g e s ts  t h a t  many s m a ll  c e l l s  .w ere p ro d u c e d  
hy  r e p e a te d  d i v i s i o n s  i n  t h e  dim l i g h t  and  u nderw en t r a p i d  e n la rg e m e n t 
when a d e q u a te  l i g h t  was su d d e n ly  p ro v id e d . I t  i s  p o s s ib l e  t h a t  c e l l  
d i v i s i o n  can  o c c u r  i n  e x p o s e d , i l l u m i n a t e d  f u c o id s  b u t  t h a t  c e l l  
e n la rg e m e n t o c c u rs  p r im a r i l y  d u r in g  su b m e rs io n  i n  t h e  l i g h t .
A lth o u g h  t h e  r e a s o n  f o r  t h e  s lo w  g row th  o f  f u c o id s  d u r in g  e x p o su re  
was n o t e l u c i d a t e d ,  t h e  r e s u l t s  h av e  shown t h a t  P e l v e t i a  and F . 
s p i r a l i s  b o th  r e q u i r e  a t  l e a s t  b r i e f  su b m e rs io n  in  t h e  l i g h t  i n  o r d e r  
t o  grow r a p i d l y .  The two s p e c ie s  do n o t  d i f f e r  i n  t h e i r  a b i l i t y  t o  
grow w ith o u t  su ch  s u b m e rs io n , h e n c e  t h i s  f a c t o r  does n o t  c o n t r i b u t e  
to  t h e  d i f f e r e n c e  b e tw e en  t h e i r  u p p e r  d i s t r i b u t i o n a l  l i m i t s .
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4 . FACTORS CONTROLLING LOWER LIMITS
4 .1  S u r v iv a l  and  g row th  o f  P e l v e t i a  and  F. s p i r a l i s  t r a n s f e r r e d  t o
l e v e l s  b e lo w  t h e i r  n o rm a l zones
The r o l e  o f  p h y s i c a l  e n v iro n m e n ta l  f a c t o r s  i n  d e te rm in in g  th e  
lo w e r  l i m i t s  o f  P e l v e t i a  and  Fucus s p i r a l i s  was e x p lo r e d  by  t r a n s p l a n t i n g  
t h e s e  s p e c ie s  t o  l e v e l s  b e lo w  t h e i r  u s u a l  d i s t r i b u t i o n a l  r a n g e s .  The 
t r a n s f e r s  w ere c a r r i e d  o u t on t h e  same s o u th - w e s t - f a c in g  s lo p e  a t  P o r t  
Loy (F ig u r e  3) a s  w ere  t h e  t r a n s f e r s  o f  Fucus sp p . above t h e i r  u p p e r  
l i m i t s .  One s e t  o f  P e l v e t i a  sam p les  was p la c e d  i n  t h e  F . s p i r a l i s  
z o n e , a  se c o n d  s e t  n e a r  MTL, and  th e  c o n t r o l  s e t  was p la c e d  in  t h e  
P e l v e t i a  zo n e . Sam ples o f  _F. s p i r a l i s  w ere  t r a n s p l a n t e d  t o  t h e  m id­
s h o re  and  c o n t r o l s  w ere p la c e d  i n  t h e  F. s p i r a l i s  z o n e . F o r b o th  
s p e c i e s ,  i n d i v i d u a l  p l a n t s  a t t a c h e d  t o  ro c k  c h i p s ,  and  s m a ll  s to n e s  
b e a r in g  g ro u p s  o f  young p l a n t s  w ere  cem en ted  a t  each  l e v e l .  The 
sam p les  w ere  t r a n s f e r r e d  on 15 - I 7 F e b ru a ry  1 9 7 4 , and  t h e i r  s u r v i v a l  
and  g row th  was o b s e rv e d  a t  ro u g h ly  m o n th ly  i n t e r v a l s  u n t i l  1 A ugust 
1 974 , a t  w h ich  t im e  th e y  w ere  c o l l e c t e d  and  t h e i r  d ro u g h t t o l e r a n c e  
t e s t e d  i n  t h e  l a b o r a t o r y  (T a b le  4 5 ) .
C o m p e titio n  from  o t h e r  seaw eeds was i n i t i a l l y  e l im in a te d  in  t h i s  
e x p e rim e n t s in c e  a l l  m a c ro -a lg a e  w ere  c l e a r e d  from  th e  ro c k  s u r f a c e  t o  
w h ich  th e  t r a n s f e r r e d  p l a n t s  w ere  f i x e d .  B i o t i c  f a c t o r s  o p e r a t in g  
a g a in s t  em bryon ic  p h a s e s  w ere a l s o  b y p a s s e d  s in c e  p l a n t s  IO -8O mm lo n g  
w ere  t r a n s f e r r e d .  H ow ever, g r a z in g  upon th e s e  p l a n t s  was n o t  
e l im in a te d  and  t h e  p o s s i b l e  r o l e  o f  g r a z e r s  was t h e r e f o r e  c o n s id e r e d  
i n  th e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s .
The F e b ru a ry  and  M arch m easu rem en ts  o f  t h e  p l a n t s  a t t a c h e d  t o  ro c k  
c h ip s  w ere  n o t  c o n s id e r e d  r e l i a b l e  b e c a u s e ,  owing t o  d ry  w e a th e r  
c o n d i t i o n s ,  t h e  p l a n t s  s h r i v e l l e d  somewhat b e f o r e  th e y  c o u ld  a l l  b e  
m e a su red . To a v o id  t h i s  p ro b le m , th e  p l a n t s  w ere  s u b s e q u e n t ly  m ea su red  
o n ly  when w e t . The mean g ro w th  r a t e  o f  ea ch  s p e c ie s  a t  each  l e v e l  
o v e r  t h e  f i v e  and  o n e - h a l f  m onth p e r io d  was c a l c u l a t e d  from  th e  l e n g th  
i n c r e a s e  o f  t h e  p l a n t s  a t t a c h e d  t o  s to n e s  b e tw e e n  F e b ru a ry  an d  A p r i l , 
an d  t h e  m o n th ly  l e n g t h  i n c r e a s e s  o f  a l l  t h e  p l a n t s  t h e r e a f t e r .
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A num ber o f  v e ry  s m a ll  i n d iv i d u a l s  w ere  p r e s e n t  on t h e  s to n e s  
b e a r in g  P e l v e t i a , some o f  w h ich  w ere  m easu red  o n ly  d u r in g  t h e  l a t t e r  
p a r t  o f  th e  f i v e  m onth p e r io d  b e c a u s e  th e y  w ere  i n i t i a l l y  s m a ll  enough 
t o  e sc a p e  n o t i c e .  P e l v e t i a  p l a n t s  l e s s  th a n  15 mm lo n g  commonly grow 
much more s lo w ly  i n  l e n g t h  t h a n  l a r g e r  p l a n t s ,  and  t h e i r  i n c l u s i o n  in  
t h e  d a ta  from  w hich  mean g ro w th  r a t e s  a r e  c a l c u l a t e d  w ou ld  a f f e c t  t h e s e  
m eans. T h e r e f o r e ,  t h e  t r a n s p l a n t e d  P e l v e t i a  w ere  d iv id e d  i n t o  tw o 
c la s s e s  f o r  w h ich  s e p a r a t e  means w ere c a l c u l a t e d :  th o s e  15 mm o r  m ore
in  l e n g th  a t  t h e  i n i t i a l  m ea su rem e n t, and  th o s e  i n i t i a l l y  s h o r t e r  th a n  
t h i s .
B oth  P e l v e t i a  and  _F. s p i r a l i s  grew  much m ore r a p i d l y  when 
t r a n s p l a n t e d  b e lo w  t h e i r  n o rm a l lo w e r  l i m i t s  th a n  when t r a n s f e r r e d  i n t o  
t h e i r  own zones (T a b le  5 4 ) .  The sam p les  t r a n s f e r r e d  t o  MTL re m a in e d  
q u i t e  h e a l th y  th ro u g h o u t  t h e  f i v e  and  o n e - h a l f  m onth p e r io d  ( P l a t e  l l ) ,  
a l th o u g h  P e l v e t i a  d e v e lo p e d  a  p e c u l i a r  c u r l i n g  o f  t h e  b ra n c h e s  w h ich  i s  
c h a r a c t e r i s t i c  o f  i t s  s a l t  m arsh  fo rm  (B ak er & B o h lin g  1 9 1 6 ) . T h is  
was much l e s s  p ro n o u n c e d  i n  t h e  P e l v e t i a  t r a n s f e r r e d  t o  t h e  F . s p i r a l i s  
zone .
The slow  g ro w th  r a t e s  o f  t h e  c o n t r o l s  s u g g e s t  t h a t  P e l v e t i a  and  
F . s p i r a l i s  i n h a b i t  l e v e l s  on t h e  s h o re  w e l l  above th o s e  a t  w h ich  th e y  
w ou ld  grow m ost r a p i d l y .  I t  was c o n c lu d e d  in  t h e  p r e v io u s  c h a p te r  
t h a t  t h e s e  s p e c ie s  do i n  f a c t  grow n e a r  t o  t h e i r  u p p e r  l i m i t s  o f  
t o l e r a n c e  t o  p h y s ic a l  s t r e s s .  H ow ever, g ro w th  r a t e s  i n  n a t u r a l  
p o p u la t io n s  o f  y oung  P e l v e t i a  and  F . s p i r a l i s  g r e a t l y  e x c ee d e d  th o s e  
o f  t h e  c o n t r o l  t r a n s p l a n t s ,  and  som etim es e q u a l l e d  th o s e  o f  t h e  MTL 
t r a n s p l a n t s  ( T ab le  6 l  ) .  T hese n a t u r a l  s ta n d s  w ere  f a i r l y  d e n s e ,  and  
th e  p l a n t s  e n jo y e d  c o n s id e r a b l e  m u tu a l p r o t e c t i o n  from  d r y in g .  The 
t r a n s p l a n t s  w ere  much l e s s  d e n s e ly  c lu m p ed , and th o s e  on t h e  s to n e s  
w ere  p a r t i c u l a r l y  e x p o sed  t o  d r y in g  w inds b e c a u s e  t h e s e  s to n e s  p r o j e c t e d  
above th e  s u r ro u n d in g  ro c k  s lo p e .  S in c e  t h e  g ro w th  r a t e s  o f  fu c o id s  
a t t a c h e d  n e a r  t h e i r  u p p e r  l i m i t s  a r e  s t r o n g ly  i n f lu e n c e d  by  t h e  d e g re e  
o f  m u tu a l p r o t e c t i o n  (H a tto n  1 9 3 8 ) ,  i t  was c o n c lu d e d  t h a t  th e  c o n t r o l  
t r a n s p l a n t s  grew  so  s lo w ly  b e c a u s e  th e y  l a c k e d  su ch  p r o t e c t i o n .
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Table 5^
s p e c ie s
s i z e
c l a s s
Growth r a t e s  o f  F e l v e t i a  and  Fucus s p i r a l i s  
t r a n s p l a n t e d  t o  l e v e l s  be low  t h e i r  u s u a l  
lo w e r  l i m i t s
l e v e l
i n i t i a l  a v e ra g e  g row tl
num ber r a t e  o v e r  f iv e
o f  sam ple  m onth p e r io d  
p l a n t s  ^ mm/month_____
F e l v e t i a  < 15 mm C o n t r o l : F e l v e t i a  zone
15 mm
F. s p i r a l i s a l l
s i z e s
E x p e r im e n ta l
E x p e r im e n ta l
E x p e r im e n ta l
E x p e r im e n ta l
C o n tro l
E x p e r im e n ta l
(3.00m )
_F. s p i r a l i s  zone 
(2.T5m )
M idshore  
(1 .90m )
C o n t r o l ;  F e l v e t i a  zone
(3 .00m )
F. s p i r a l i s  zone 
(2 .75m )
M idshore
(1 . 90m)
F . s p i r a l i s  zone 
(2.T5m )
M idshore
(1 .90m )
12
13
20
11
1.0
2 .3  
1 . 8  
1 .5  
U.3 
h , l
5 .4  
13 .8
a  e x c lu d in g  p l a n t s  a t t a c h e d  t o  ro c k  c h ip s ,  w hose 
i n i t i a l  m easu rem en ts  w ere n o t  r e l i a b l e  ow ing t o  
s h r i v e l l i n g ,  and  w ere  t h e r e f o r e  e x c lu d e d  from
t h e  c a l c u l a t i o n s  o f  g row th  r a t e  b e tw e en  F e b ru a ry
and  A p r i l
I n  o r d e r  t o  f u r t h e r  i n v e s t i g a t e  t h e  e f f e c t  o f  i n c r e a s e d  su b m e rs io n
tim e  upon th e  tw o u p s h o re  s p e c i e s , a  se co n d  t r a n s f e r  o f  s to n e s  b e a r in g
them  was c a r r i e d  o u t  i n  J u ly  19T4. F o r each  s p e c i e s ,  f o u r  s to n e s  b e a r in g  
f o u r  t o  t e n  p l a n t s  each  w ere  t r a n s p l a n t e d  t o  t h e  m id sh o re  a t  F o r t  Loy. 
C o n tro l  t r a n s f e r s  w ere  c a r r i e d  o u t  as b e f o r e ,  e x c e p t  t h a t  th e y  w ere p la c e d  
a  few c e n t im e t r e s  lo w e r  th a n  th e  F e b ru a ry  t r a n s p l a n t s  i n  o r d e r  to  
com pensa te  f o r  th e  g r e a t e r  e x p o s u re  th e y  s u f f e r  com pared t o  th e  s u r ro u n d in g  
n a t u r a l  s t a n d s .  Mean g ro w th  was e s t im a te d  a s  b e f o r e ,  e x c e p t  t h a t  d a ta  
was ta k e n  o n ly  f o r  p l a n t s  t h a t  w ere  m easu red  i n i t i a l l y ,  and  s m a l le r  p l a n t s
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t h a t  w ere n o t i c e d  o n ly  l a t e r  i n  t h e  c o u rs e  o f  th e  e x p e r im e n t w ere  
ig n o re d . The p l a n t s  w ere  m ea su red  p e r i o d i c a l l y  f o r  one y e a r ,  and- 
o b s e rv e d  q u a l i t a t i v e l y  t h e r e a f t e r .
P l a n t s  o f  Fucus s p i r a l i s  grew  much more r a p i d l y  when t r a n s f e r r e d  
t o  MTL th a n  when p la c e d  in  t h e i r  own zone ( F ig u re  3 3 ) .  A lth o u g h  th e  
g ro w th  r a t e  o f  th e  m id sh o re  t r a n s p l a n t s  d e c re a s e d  n o t i c e a b l y  in  w i n t e r ,  
t h e  p l a n t s  re m a in e d  h e a l t h y ,  resum ed  r a p i d  g row th  i n  t h e  s p r i n g ,  and  
d e v e lo p e d  i n t o  a  d e n se  s ta n d  o f  l a r g e ,  f e r t i l e  p l a n t s  b y  t h e  end  o f  
J u ly  1975 ( P l a t e  1 2 ) .  The g ro w in g  a p ic e s  o f  t h e  F. s p i r a l i s  c o n t r o l
t r a n s p l a n t s  w ere h e a v i l y  damaged by  g r a z in g  i n  Ja n u a ry -M a rc h  1 9 7 5 , b u t  
th e y  s u r v iv e d  and  p ro d u c e d  a  few  s m a ll  r e c e p ta c l e s  by  midsummer ( P l a t e  
1 3 ) .  T h e i r  g ro w th  w ou ld  d o u b t le s s  have  b e e n  more v ig o ro u s  h ad  g r a z in g  
n o t  o c c u r r e d ,  b u t  w ou ld  p r o b a b ly  n o t  hav e  e q u a l l e d  t h a t  a t t a i n e d  by  
th e  m id sh o re  t r a n s p l a n t s .  B oth  s e t s  o f  t r a n s p l a n t s  p e r s i s t e d  and  grew  
th ro u g h  t h e i r  se c o n d  w i n t e r ,  and p ro d u c e d  a n o th e r  s e t  o f  r e c e p t a c l e s  
i n  summer 19 7 ^ .
D u rin g  th e  f i r s t  few  m onths a f t e r  t r a n s f e r ,  F e l v e t i a  a l s o  grew  
f a s t e r  a t  MTL t h a n  w i t h in  i t s  own zone (F ig u re  3 4 ) .  H ow ever, th e  
g ro w th  o f  t h e  m id sh o re  t r a n s p l a n t s  becam e much s lo w e r  a s  w in t e r  
a p p ro a c h e d , and  c e a s e d  a l t o g e t h e r  a f t e r  10 D ecem ber. At t h i s  t im e ,  th e  
p l a n t s  w ere v i s i b l y  b e g in n in g  t o  d e c a y . T h e ir  c o n d i t io n  d e t e r i o r a t e d  
s t e a d i l y  th ro u g h  t h e  w i n t e r ,  and  th e y  w ere c o lo n iz e d  by  num erous 
e p ip h y te s  in c lu d in g  b o th  E l a c h i s t a  f u c i c o l a  and  P o ly s ip h o n ia  l a n o s a .
T h e re  was a l s o  e v id e n c e  o f  g r a z in g  b y  s n a i l s  on a  few  p l a n t s  i n  
J a n u a r y ,  w h ich  may h av e  a c c e l e r a t e d  t h e  rem o v a l o f  F e l v e t i a  from  t h e  
m id s h o re . Four p l a n t s  p e r s i s t e d  u n t i l  s p r in g  and  a p p e a re d  t o  b e  r e v iv in g  
som ew hat. However by  Ju n e  1 9 7 5 , th e y  w ere  c o m p le te ly  o verg row n  and  
h id d e n  from  v iew  b y  a  v ig o ro u s  g ro w th  o f  young Fucus s p i r a l i s  p l a n t s  
w h ich  h a d  f i r s t  a p p e a re d  on t h e  F e l v e t i a  s to n e s  i n  F e b ru a ry . The fo u r  
s u r v iv in g  F e l v e t i a  w ere  c o l l e c t e d  a t  t h i s  t im e  so  t h a t  a  c o l le a g u e  
c o u ld  s tu d y  th e  u n u s u a l  o c c u r r e n c e  o f  E l a c h i s t a  f u c i c o l a  on F e l v e t i a .
Many o f  t h e  F e l v e t i a  c o n t r o l  t r a n s p l a n t s  w ere  l o s t  d u r in g  th e  f i r s t  
y e a r  so  t h a t  t h e  t o t a l  b io m a ss  on t h e  s to n e s  v i s i b l y  d e c r e a s e d ,  b u t  
some p l a n t s  p e r s i s t e d  and  becam e f e r t i l e  i n  summer 1976 . As b e f o r e ,  
t h e  r e l a t i v e l y  p o o r  p e rfo rm a n c e  o f  t h e  c o n t r o l s  was a t t r i b u t e d  t o  t h e
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F ig u re  33. C ourse o f  grow th o f  Fucus s p i r a l i s  p la n t s  t r a n s p l a n t e d  in to  
t h e i r  own zone a t  2 .7 5  m above c h a r t  datuin. (o) and to  th e  
m id sh o re , 1 .9 0  in above c h a r t  datum (o ) .
P la t e  12: A. F e lv e t i a  and Fucus s p i r a l i s  im m ediate ly  a f t e r
t r a n s f e r  to  th e  m idshore J u ly  3 rd , 197^. The 
s to n e s  a r e  f ix e d  to  th e  sh o re  by means o f  q u ic k -  
s e t t i n g  cem ent.
B. The same s p i r a l i s  (F) as th o s e  shown in  P la te  
12 A pho to g rap h ed  J u ly  2 9 th , 1975.
P la te  13: A.
B.
Fucus s p i r a l i s  c o n t ro l  t r a n s p l a n t s  im m ediate ly  
a f t e r  t r a n s f e r  J u ly  3 rd , 197^*
The same p l a n t s ,  pho tog raphed  J u ly  2 9 th , 1975, 
showing r e c e p ta c le s  (P ) .
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F ig u re  3^. C ourse o f  grow th  o f  F e lv e t i a  p la n t s  t r a n s p l a n te d  in to  
t h e i r  own zone a t  3.0m above c h a r t  datum (©) and to  th e  
m id sh o re , 1 . 90m ahove c h a r t  d a tu m (o ).
1 ^ 0
g r e a t e r  exposure  th e y  s u f f e r e d  in  com parison t o  n a t u r a l  s ta n d s  a t  th e  
same l e v e l .  However, in  th e  lo n g  te rm  th e y  f a r e d  f a r  b e t t e r  th a n  d id  
th e  m idshore  t r a n s p l a n t s .
C le a r ly ,  some e n v iro n m e n ta l f a c t o r  -  e i t h e r  p h y s ic a l  o r  b i o t i c -  
a d v e rs e ly  a f f e c t e d  th e  m idsho re  H e lv e t ia  t r a n s p l a n t s  d u rin g  th e  w in te r .  
However, th e  a c tu a l  low er l i m i t  o f  t h i s  s p e c ie s  does n o t ap p ea r to  be 
d e te rm in e d  by p h y s ic a l  f a c t o r s .  When th e  F eb ru ary  19T^ t r a n s p l a n t s  
w ere c o l le c t e d  in  A ugust o f  t h a t  y e a r ,  a  few sm a ll H e lv e t ia  in  th e  F . 
s p i r a l i s  zone w ere o v e rlo o k e d . These p la n ts  p e r s i s t e d  and grew n o rm ally  
f o r  two y e a r s ,  and p rod u ced  r e c e p ta c le s  in  summer 1 9 7 6 .
However, no new H e lv e t ia  ap p ea red  n a t u r a l ly  a t  t h i s  l e v e l  d u rin g  
th e  e n t i r e  two and o n e - h a l f  y e a r  p e r io d .  T h e re fo re ,  some b i o t i c  
f a c t o r  ap p ea rs  to  o p e ra te  a g a in s t  th e  v e ry  e a r ly  s ta g e s  o f  H e lv e t ia  t o  
ex c lu d e  i t  from  th e  Fucus s p i r a l i s  zone. A s e r i e s  o f  f i e l d  ex p erim en ts  
w ere d es ig n ed  to  d e te rm in e  w h e th e r t h i s  f a c t o r  i s  i n t e r s p e c i f i c  
c o m p e tit io n  w ith  Fucus s p i r a l i s  i t s e l f .
h,2  The e s ta b l is h m e n t o f  H e lv e t ia  in  th e  Fucus s p i r a l i s  zone a f t e r
th e  rem oval o f  Fucus s p i r a l i s .
A Fucus s p i r a l i s  rem oval exp erim en t was u n d e rta k e n  to  d e te rm in e  
w h e th e r H e lv e t ia  can s e t t l e ,  g e rm in a te  and grow u n d er th e
p h y s ic a l  c o n d it io n s  w ith in  th e  JF. s p i r a l i s  zone . A ll  F. s p i r a l i s  w ere 
removed from  a  p a tc h  o f  sh o re  1 m etre  lo n g  ly in g  betw een  2 .9 5  and 2 . 65m 
above c h a r t  datum on a s t e e p ,  p r o te c te d ,  so u th -w e s t f a c in g  s lo p e  a t  
H ort Loy (F ig u re  3 ) .  Fucus h o l d f a s t s ,  b a rn a c le s  and th e  m a jo r i ty  o f  
c ru s to s e  a lg a e  w ere removed w ith  a geology hammer. The p a tc h  was 
c le a r e d  on June 1 0 th  197^5  a t  th e  b e g in n in g  o f  H e lv e t i a 's  r e le a s e
s e a s o n , and a  w e ll-d e v e lo p e d  b e l t  o f  f e r t i l e  H e lv e t ia  was l e f t  i n t a c t  
im m ed ia te ly  above th e  c l e a r e d  a r e a .  N earby p la n ts  o f  F. s p i r a l i s  w ere 
a ls o  f r u i t i n g  a t  t h i s  t im e ,  so t h a t  zy<]otts o f  th e  two s p e c ie s  u n d o u b ted ly  
s e t t l e d  on th e  denuded ro ck  a t  ro u g h ly  th e  same t im e . The p a tc h  
rem ained  a p p a re n tly  b a re  u n t i l  Septem ber 197^ , when a  co v er o f  ephem eral 
g reen  a lg a e  ap p ea red . M icro sco p ic  ex am in a tio n  o f  s c ra p in g s  ta k e n  from  
th e  rock  on 10 December r e v e a le d  numerous fu c o id  em bryos. At t h i s  
t im e , a q u a d ra t 0 .2 5  x  0 . 25m was m arked ou t betw een 2 .9 0  and 2 . 75m
l U i
w ith in  th e  c le a r e d  a r e a .  The q u a d ra t was su b d iv id e d  in to  tw e n ty - f iv e  
50 X 50 mm s u b sq u a re s , w ith in  each o f  which th e  grow th o f  th e  fu c o id s  
was su b se q u e n tly  m o n ito red .
The fu c o id  g e rm lin g s  rem ained  to o  sm all t o  i d e n t i f y  o r  m easure in  
th e  f i e l d  u n t i l  s p r in g  1975; th e r e f o r e  sm a ll sam ples w ere s c ra p e d  from  
th e  ro ck  and exam ined m ic ro s c o p ic a l ly .  On Ja n u a ry  1 1 th  a l l  s p o re l in g s  
were sc ra p e d  from  a 10 x 20 mm a re a  o f  ro ck  a t  abou t 2 .9 0  m above 
c h a r t  datum , j u s t  o u ts id e  th e  q u a d ra t ,  and a s im i la r  sam ple was ta k e n  
a t  abou t 2 . 75m. The embryos w ere coun ted  u n d er th e  m ic ro sc o p e , and 
an a tte m p t was made to  i d e n t i f y  a l l  embryos 1mm o r  more in  le n g th .
H e lv e t ia  was found  in  a l l  th e s e  scrap ings, b u t w ere l e s s  numerous th a n  
Z* s p i r a l i s  and seemed to  be  d e v e lo p in g  more s lo w ly  (T ab le  55)*
From A p r il  1975 onw ard, th e  developm ent o f  th e  fu c o id s  was 
m o n ito red  as fo llo w s . In  each sub sq u are  o f  th e  q u a d ra t ,  th e  p re se n c e  
o r  absence o f  i d e n t i f i a b l e  H e lv e t ia  and F. s p i r a l i s  was n o te d ,  and th e  
lo n g e s t  p la n t  o f  each  s p e c ie s  was m easured . In  A p r i l  1 975 5 th e  e n t i r e
q u a d ra t was dom inated  by a co v er o f  F. s p i r a l i s  q e rm lin g s  (H la te  I k ) .
a lth o u g h  t i n y  H e lv e t ia  w ere a l s o  i d e n t i f i e d  in  n in e te e n  su b sq u a re s . 
F o r tu i t o u s ly ,  warm dry  w ea th e r com bined w ith  neap t i d e s  in  May and June 
s e l e c t i v e l y  k i l l e d  m ost o f  th e  F. s p i r a l i s  w ith in  th e  q u a d ra t ,  th u s  
b r in g in g  th e  sm a ll H e lv e t ia  in to  view  (H la te  1 5 ) .  T his n a t u r a l  ev en t 
e f f e c t e d  a  much more th o ro u g h  s e l e c t i v e  rem oval o f  F. s p i r a l i s  th a n  
co u ld  have been  done e x p e r im e n ta l ly ,  and p e rm it te d  th e  H e lv e t ia  g e rm lin g s 
to  c o n tin u e  grow ing in  th e  absen ce  o f  c o m p e tit io n . W ith th e  e x c e p tio n  o f  
th r e e  su b sq u a res  in  th e  lo w er l e f t  c o rn e r  o f  th e  q u a d ra t in  w hich many 
F. s p i r a l i s  s u rv iv e d ,  on ly  a  few b a d ly  damaged in d iv id u a ls  o f  t h i s  
sp e c ie s  p e r s i s t e d  th ro u g h  th e  summer. H ea lth y  H e lv e t ia  germ lin g s were 
o b se rv ed  in  a l l  b u t  th e  low erm ost l e f t - h a n d  s u b sq u a re , b u t  th e y  grew 
v e ry  s lo w ly , w h ile  th e  s p i r a l i s  in  th e  th r e e  l e a s t  d rought-dam aged 
sq u a re s  began t o  grow r a p id ly  (T ab le  5 6 ) .
By m id-Septem ber many o f  th e  su b sq u a res  c o n ta in e d  _F. s p i r a l i s
p la n ts  w hich w ere re c o v e r in g  from  drough t damage and resum ing  g ro w th .
In  o rd e r  to  d e te rm in e  w h e th e r th e s e  s p i r a l i s  w ould i n h i b i t  f u r t h e r  
developm ent o f  H e lv e t i a , th e  F. s p i r a l i s  was p e rm it te d  to  grow o n ly  in  
a l t e r n a t e  su b sq u a re s . B eg inn ing  on 12 S ep tem ber, and ev ery  few weeks
mm m
P la te  i t ;  Q uadrat w ith in  eirea c le a r e d  o f  Fucus s p i r a l i s  
June 1 0 th ,  1 9 T t, pho tog raphed  A p r il  l 6t h , 1975 
showing a c a rp e t  o f  young F. s p i r a l i s  .
P la te  15 : C lo se-u p  pho to g rap h  o f  e x p e rim e n ta l q u a d ra t ta k e n
June 1 1 th ,1975* S ev ere  d e s ic c a t io n  has k i l l e d  th e  
F. s p i r a l i s , and s m a ll ,  h e a l th y  H e lv e t ia  germ lings  
Tp ) can be seen  in  c o n t r a s t  w ith  th e  damaged Fucus 
t h a l l i .
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T ab le  5 6 : S u rv iv a l  and grow th  o f  f i r s t - y e a r  Fucus s p i r a l i s
and F e lv e t i a  d u rin g  summer 19T5 in  q u a d ra t c l e a r e d  
o f  2 '  s p i r a l i s  in  June 1 9 ï t .  Mean ± s ta n d a rd  
d e v ia t io n  o f  maximum le n g th s  m easured  in  each o f  
th e  s u b s q u a re s .
D ate
16  A p r il
1975
11 June
1975
12 S e p t.
1975
Fucus s p i r a l i s
number o f  
su b sq u a re s  mean
w ith  maximum
l i v e  p la n t s  length ,m m
25
16
15
Maximum le n g th s  
in  t h r e e  sub - 
sq u a re s  l e a s t  
a f f e c t e d  by 
d ro u g h t, . mm
10.t ±1.8 12.0, ■ 9 .5 , 9.0
1 0 .6  ± 2 .6  i t . O ,  1 2 .0 ,  1 2 .0
H e lv e t ia
number o f  
su b sq u a re s  
w ith
l i v e  p la n t s
19
1 3 .8  ± 7 . 3 1 . 0 , 2 7 . 0 , 2 1 .0
2 t
2 t
mean 
maximum 
le n g th ,  mm
n. 1 .5
2 . 1 1 0 .5
2 .7  ± 0 .7
a to o  sm a ll to  m easure a c c u r a te ly
t h e r e a f t e r ,  a l l  F. s p i r a l i s  l a r g e  enough to  h a n d le  w ith  fo rc e p s  w ere 
removed from  tw e lv e  o f  th e  su b sq u a re s  ( h e r e a f t e r  c a l l e d  th e  "weeded 
s u b s q u a re s " ) .  The le n g th s  o f  th e  lo n g e s t  H e lv e t ia  in  each  sub s q u a r e , 
and o f  th e  lo n g e s t  F. s p i r a J i s  in  each unweeded sub sq u a re  w ere m easured  
a t  i n t e r v a l s  o f  fo u r  t o  t e n  weeks u n t i l  May 1976. D uring  t h i s  tim e  
H e lv e t ia  dev e lo p ed  f a r  more r a p id ly  th a n  i t  d id  d u rin g  i t s  f i r s t  y e a r  
in  th e  q u a d r a t , and grew e q u a l ly  f a s t  in  su b sq u a re s  w ith  and w ith o u t 
F. s p i r a l i s  (T ab le  5 7 ). H owever, F. s p i r a l i s  grew fo u r  tim es  as f a s t  
as H e lv e t ia  (T ab le  5 7 ) ,  fo rm ing  a  c lo s e d  canopy in  th e  unweeded su b sq u a re s  
and ly in g  o v e r th e  a d ja c e n t  w eeded su b sq u a res  in  th e  low er p a r t  o f  th e  
q u a d ra t (H la te  I 6 ) .  The H e lv e t ia  was n o t ic e a b ly  d a rk e r  in  c o lo u r  and 
form ed a  l e s s  dense  co v er in  th P se  sq u a re s  th a n  in  th o s e  n o t co v ered  
by F. s p i r a l i s  b la d e s .  From mid-May onw ard, th e  la r g e  P . s p i r a l i s  w ere 
trim m ed w ith  a  p a i r  o f  s c i s s o r s  so  t h a t  th e  canopy was r e s t r i c t e d  t o  
th e  unweeded s q u a r e s , and grow th r a t e  m easurem ents w ere th e r e f o r e  
te rm in a te d .
* *
* * *
* *
* * *
* *
% —= weeded
P la te  1 6 : E x p erim en ta l q u a d ra t ,  pho tog raphed  F eb ru ary  2 8 th , 1976.
F. s p i r a l i s  was p e r io d i c a l ly  removed from a l t e r n a t e  
su b sq u a res  from  Septem ber 1 2 th , 1975 onw ard, as shown 
in  th e  d iag ram . Large 2* s p i r a l i s  in  some o f  th e  unweeded 
su b sq u a res  a re  ly in g  o v e r th e  weeded su b sq u a res  in  th e  
n ex t low er row.
m
P la t e  17 : E x p erim en ta l q u a d ra t pho tog raphed  J u ly  1 9 th ,  1976,
im m ed ia te ly  a f t e r  rem oving 2 * s p i r a l i s  from  a l l  
s u b sq u a re s .
i k k
By l a t e  J u ly  1976, t h e  e f f e c t  o f  th e  P* s p i r a l i s  canopy on F e lv e t i a  
became much more d i s t i n c t .  When a l l  F. s p i r a l i s  w ere removed from  th e  
q u a d ra t ,  many o f  th e  sub sq u a re s  in  w hich i t  had  b een  p e rm it te d  to  grow 
were found  to  c o n ta in  a  r a t h e r  p a tc h y  co v er o f  F e l v e t i a , some o f w hich 
w ere v e ry  dark  in  c o lo u r  ( P la te  I 7 ) .  The two weeded sq u a re s  in  th e  
lo w er l e f t  p a r t  o f th e  q u a d ra t w hich c o n ta in  l i t t l e  F e lv e t i a  had  been  
shaded  c o n s id e ra b ly  by o v erh an g in g  F. s p i r a l i s  from  a d ja c e n t  sq u a re s  
b e fo re  th e  f i r s t  trim m ing  in  May. The p ho tog raph  shows c l e a r l y  t h a t  
F e lv e t i a  sp o re s  can s e t t l e ,  g e rm in a te  and grow n o rm ally  u n d er th e  
p h y s ic a l  c o n d i t io n s  w ith in  th e  F. s p i r a l i s  zone p ro v id e d  t h a t  th e  much 
more r a p id ly  grow ing F, s p i r a l i s  i s  c o n s ta n t ly  removed.
The a re a  t o  th e  r i g h t  o f  th e  q u a d ra t was c l e a r e d  o f  2 - s p i r a l i s  
by d rough t in  summer 1975 w hich p ro v id e d  an o p p o r tu n i ty  to  o b serv e  
r e c o lo n iz a t io n  a f t e r  rem oval o f  2 - s p i r a l i s  by n a t u r a l  c a u se s .
T ab le  57: C ourse o f grow th o f  Fucus s p i r a l i s , and o f  F e lv e t i a
in  su b sq u a re s  w ith  and w ith o u t 2* s p i r a l i s . Mean ± 
s ta n d a rd  d e v ia t io n  o f  le n g th  o f  lo n g e s t  p la n t  in  
sub s q u a r e , m easured  on s i x  o c c a s io n s  o v e r an e ig h t  month 
p e r io d .
Fucus s p i r a l i s
number o f  îaean maximum 
D ate su b sg u a res l e n g t h , mm
12 S e p t.
F e lv e t i a F e lv e t i a
( F .s p i r a l i s  ex c lu d ed ) ( F . s p i r a l i s  p r e s e n t
number o f  mean maximum number o f  mean max,,.
su b sq u a res  l e n g t h , mm su b sq u a res  length ,m m
1975 13 7 .9  ± 9 . 1 ^ 12 2 .6  ± 0 .7 12 2 .8  i  0 . 7
26 Nov.
1975 13 1 8 .0  ± l4 .8 12 6 .5  ± 0 .5 12 6 .9  ± 1 .5
2h J a n .
1976 13 3 6 .4  ± 2 3 .5 12 1 0 .3  ± 1 .5 12 1 0 .U ± 2 .3
27 Feb.
1976 13 U8 . 2  ± 2 5 .5 12 1 2 .2  ± 2 .6 12 1 1 .3  ± 3 .1
30 March
1976 13 6 5 .9  ± 2 7 .8 12 1 7 .2  ± 3 .4 12 1 6 .8  ± U.O
15 May
1976 12^ 8 U .t ± 3 ^ .9 12 2 2 .0  ± U.7 12 2 0 .8  ± 6 .2
a in c lu d e s  f iv e  sq u a re s  w ith o u t l i v e  m acroscop ic  F . s p i r a l i s  
w hich w ere a s s ig n e d  a le n g th  o f  z e ro . 2* s p i r a l i s  ap p ea red  
in  a l l  f iv e  by 26 November.
b d a ta  f o r  one sq u a re  was l o s t .
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A, 0 .2  m w ide t r a n s e c t  was m arked o u t betw een 3 .00  and 2 .6 5  m above 
c h a r t  datum on t h i s  ro ck  s lo p e  and o b serv ed  from  Septem ber 1975 u n t i l  
A ugust 1 9 7 6 . I n i t i a l l y ,  a d u l t  F e lv e t i a  w ere p r e s e n t  down t o  2 .9 0  m 
on t h i s  t r a n s e c t ,  and th e  ro ck  was e s s e n t i a l l y  b a r re n  from  t h a t  p o in t  
to  abou t 2 .7 2  m, w ith  o n ly  a  few sm a ll F. s p i r a l i s . Below 2 .7 2  m, 
th e  ro ck  was co v ered  by la r g e  f e r t i l e  s p i r a l i s  and o th e r  a lg a e .
In  O ctober 1975» sm a ll sam ples w ere sc ra p e d  from  th e  ro ck  a t  
e ig h t  l e v e l s  betw een 3 .00  and 2 . 7O m and exam ined m ic ro s c o p ic a lly  
f o r  th e  p re se n c e  o f  fu c o id  and g e rm lin g s . F e lv e t i a  zyi^ûtes a re
r e a d i ly  d i s t in g u is h a b le  from  th o s e  o f  F. s p i r a l i s  b eca u se  th e y  a re  
l a r g e r  and th e y  rem ain  in  p a i r s  su rro u n d ed  by th e  o o g o n ia l s h e a th .
ZsjûjoUs. and embryos o f  b o th  s p e c ie s  w ere found in  s c ra p in g s  ta k e n  a t  
a l l  l e v e l s  betw een 2 .70  and 3 .00  m, and th o s e  o f  F e lv e t i a  w ere numerous 
betw een 2 .75  and 2 .9 0  m. However, in  March 1976 , r e l a t i v e l y  few 
m acroscop ic  F e lv e t i a  g erm lin g s  w ere found  a t  l e v e l s  below  2 .8 7  m, and 
th e s e  w ere h id d en  from  view  by th e  much f a s te r -g ro w in g  F. s p i r a l i s  
qcTM l in g s  ( F la te  I 8A ). S evere  d e s ic c a t io n  in  l a t e  s p r in g  and summer 
1976  k i l l e d  many o f  th e  F. s p i r a l i s  above 2 .8 0  m, and c u r t a i l e d  th e  
grow th o f  th o s e  t h a t  s u rv iv e d . F e lv e t i a  grew and became more consp icuous 
above t h i s  l e v e l  ( P la te  18B ), b u t  no F e lv e t i a  c o u ld  be  found  in  th e  
dense s ta n d  o f  F. s p i r a l i s  w hich co v ered  th e  sh o re  from  2 .8 0  m down.
I n  December 1975 , when th e  fu c o id  germ lings f i r s t  became la r g e  
enough to  b e  e a s i l y  i d e n t i f i e d ,  a 100 x 100 mm sq u are  was m arked o f f  
j u s t  o u ts id e  th e  t r a n s e c t  a t  2 .7 8  m. The sq u are  was d iv id e d  in to  fo u r  
50 X 50 mm s u b sq u a re s , and a l l  F. s p i r a l i s  l a r g e  e n o u ^  to  h an d le  w ere 
removed from  two sub sq u a re s   ^ i n i t i a l l y  and a t  ap p ro x im a te ly  m onthly 
i n t e r v a l s  u n t i l  J u ly  1976. By t h i s  tim e  numerous m acroscop ic  F e lv e t i a  
had ap p ea red  in  b o th  o f  th e  w eeded s q u a re s ,  b u t none c o u ld  be  found 
among th e  _F. s p i r a l i s  w hich grew in  th e  a d ja c e n t unweeded sq u a re s  
( P la te  1 9 ) .  Those r e s u l t s  show t h a t  H e lv e t ia  zycjotei’ s e t t l e  and 
g e rm in a te  in  sp aces  c le a r e d  w ith in  th e  F. s p i r a l i s  zone by n a t u r a l  
c a u s e s ,  b u t  th e y  become m acroscop ic  o n ly  i f  th e  f a s te r -g ro w in g  F^ . 
s p i r a l i s  c je rin lin g s  a re  r e p e a te d ly  removed.
V' f
M m
3 .0 0  m
2.90  m
2.80 m
2.70 m
f l a t e  l 8 : A. • T ra n se c t th ro u g h  u p p er s p i r a l i s  zone denuded hy
-se v e re  d e s ic c a t io n  in  summer 1975 , p h o to g rap h ed  March 
'3 0 th ,  1 9 7 6 , showing mat o f  young F. s p i r a l i s  below  2.90m
B. The same t r a n s e c t  p h o to g rap h ed  J u ly  1 9 th ,1976. H e lv e t ia  
q e rm lin g s  (P) w ere e v id e n t from  2.80m upw ard , b u t  none 
w ere found in  th e  dense F . s p i r a l i s  canopy (F) occupy ing  
■the low er h a l f  o f  th e  t r a n s e c t .
B•P la te  19: A. Fucus rem oval ex p e rim en t i n i t i a t e d  December 1975 
a t  2 .7 8  m above c h a r t  datum a d ja c e n t  to  t r a n s e c t  
shown in  P l a t e  I 8 , p h o to g rap h ed  Ji-ü-y 1 9 th ,  1976. 
H e lv e t ia  (? )  i s  v i s i b l e  in  th e  two weede'l sq u a re s
The same sq u a re s  p h o to g rap h e d  th e  same day a f t e r  t in  
l a r g e r  F. s p i r a l i s  p la n ts  w ere rem oved, show ing th a i
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4 .3  The p ro c e s s  o f  i n t e r s p e c i f i c  c o m p e tit io n  in  m ixed s ta n d s  o f
young p la n t s
W hile th e  boundary  betw een  th e  F. s p i r a l i s  and F e lv e t i a  zones i s  
u s u a l ly  d i s t i n c t  in  a d u l t  s ta n d s ,  q c rw lin g s  o f  th e  two s p e c ie s  o f te n  
grow to g e th e r  in  m ixed s ta n d s .  The p ro c e ss  o f  i n t e r s p e c i f i c  c o m p e tit io n  
was s tu d ie d  in  one such  m ixed s ta n d  lo c a te d  betw een  2 .9 0  and 3 .0 5  m above 
c h a r t  datum on a  g e n t le  n o r th - f a c in g  s lo p e  a t  th e  N orth  S l ip  ( F ig u re  3 ) .  
On 12 Septem ber 19T5, fo u r  a d ja c e n t t r a n s e c t s  100 mm w ide w ere drawn 
th ro u g h  th e  m ixed s ta n d  o f  young fu c o id s  ( P la te  20A ). A ll  F. s p i r a l i s  
l a r g e  enough to  h a n d le  w ere removed from  th e  second  and f o u r th
t r a n s e c t s  on 26 Septem ber and a g a in  a t  i n t e r v a l s  o f  s e v e r a l  weeks u n t i l
19 J u ly  1 9 7 6 . At t h i s  tim e a l l  F. s p i r a l i s  w ere removed from  a l l  fo u r
t r a n s e c t s  and th e  co v er o f  F e lv e t i a  in  each was com pared.
I n i t i a l l y ,  numerous o n e -y e a r -o ld  F e lv e t i a  p la n ts  betw een  one and 
e ig h t  m i l l im e t r e s  lo n g  w ere p r e s e n t  ov er m ost o f  th e  e n t i r e  le n g th  o f  
th e  fo u r  t r a n s e c t s , and many young F. s p i r a l i s  w ere p r e s e n t  o v e r th e  
low er tw o - th i rd s  ( P la te  20A ). The Fucus were m o stly  5 to  25 mm lo n g , 
a lth o u g h  a  few in d iv id u a ls  w ere somewhat l a r g e r .  By th e  end o f  F eb ru ary  
F. s p i r a l i s  up to  110 mm lo n g  dom inated  th e  low er tw o - th i rd s  o f  th e  
two unweeded t r a n s e c t s .  The young F e lv e t i a  w ere h e a l th y  and had 
grown to  le n g th s  o f  17  to  30 ram th ro u g h o u t th e  fo u r  t r a n s e c t s , b u t 
th e y  w ere n o t ic e a b ly  l e s s  abundan t b e n e a th  th e  canopy o f  F. s p i r a l i s .
From March onw ard, F e lv e t i a  d ev eloped  r a p id ly  and co v ered  100% o f  th e  
su b s tra tu m  in  th e  weeded t r a n s e c t s .  In  th e  unweeded t r a n s e c t s ,  a 
d i s t i n c t  zo n a l boundary  form ed a t  abou t 3 .00  m, below  w hich th e  r a p id ly  
grow ing Fucus form ed a dense canopy s e v e r a l  la y e r s  th i c k  ( P la te  20B).
Only a  few s m a l l ,  d a rk -c o lo u re d  F e lv e t i a  w ere found  when th e  Fucus 
canopy was removed in  J u ly  ( P la te  2 0 0 ). This c l e a r ly  shows t h a t  th e  
low er boundary  o f  th e  F e lv e t i a  zone i s  l a r g e ly  d e te rm in e d  by c o m p e tit io n  
w ith  Fucus s p i r a l i s , and t h a t  th e  l e v e l  o f  t h i s  boundary  can be r e a d i ly  
low ered  by e x p e r im e n ta l e x c lu s io n  o f  F u cu s. S in ce  F e lv e t i a  seems to  
d e c l in e  o n ly  a f t e r  Fucus h as  form ed a canopy o v e r i t , th e  c r i t i c a l  
f a c t o r  appea rs  to  be l i g h t .  T h is p o s s i b i l i t y  w i l l  b e  exam ined in  th e  
fo llo w in g  s e c t io n s .
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4 .4  Com parison o f  grow th r a t e  o f  F e lv e t ia  w ith  t h a t  o f  F . s p i r a l i s
The r e l a t i v e  c o m p e tit iv e  a b i l i t y  o f  d i f f e r e n t  p la n t  s p e c ie s  i s  
o f te n  d e te rm in ed  in  l a r g e  p a r t  by t h e i r  com para tive  r a t e s  o f  g ro w th , 
and t h i s  i s  p a r t i c u l a r l y  t r u e  when th e  c r i t i c a l ,  l i m i t i n g  re s o u rc e  i s  
l i g h t .  F i r s t l y ,  a  good c o m p e tito r  must grow r a p id ly  in  h e ig h t  in  i t s  
e a r l i e s t  s ta g e s  in  o rd e r  to  e scap e  b e in g  shaded  by o th e r  s p e c ie s ,  u n le s s  
i t  i s  c a p a b le  o f  grow ing in  low l i g h t  l e v e l s .  S eco n d ly , in  o rd e r  to  
e l im in a te  c o m p e tito rs  by c a s t in g  sh a d e , th e  s p e c ie s  m ust n o t o n ly  
co n tin u e  to  grow r a p id ly  as i t  becomes o ld e r ,  b u t must a l s o  grow in  
such  a way as to  form  an e f f e c t i v e  canopy. In  th e  f i e l d  ex p erim en ts  
F. s p i r a l i s  grew much more r a p id ly  in  le n g th  th a n  F e l v e t i a , and 
form ed a s o l id  canopy b e fo re  i t  re ac h ed  th e  age o f  one y e a r .  F u r th e r  
d a ta  were c o l l e c t e d  in  th e  la b o ra to r y  and th e  f i e l d  t o  o b ta in  a  more 
q u a n t i t a t iv e  e s t im a te  o f  th e  d i f f e r e n c e  betw een th e  grow th  r a t e s  o f  
th e s e  two s p e c ie s .
4 .4 .1  Growth r a t e s  o f  embryos
F e lv e t i a  and F. s p i r a l i s  w ere c u l tu r e d  from  zy g o tes  as d e s c r ib e d  
in  s e c t io n  2 .4 .3 ,  and random ly s e le c te d  sam ples o f  20 embryos o f  each 
sp e c ie s  w ere m easured  a t  i n t e r v a l s .
The embryos o f  F. s p i r a l i s  grew s ix  tim es  as f a s t  in  le n g th  as 
th o s e  o f  F e l v e t i a , w h ile  th e  d i f f e r e n c e  in  grow th in  w id th  was l e s s  
p ronounced (F ig u re  3 5 ). The F . s p i r a l i s  embryos q u ic k ly  assumed a 
v e ry  e lo n g a te d  shape  w h ile  th e  le n g th s  o f  th e  F e lv e t i a  embryos w ere 
s t i l l  l e s s  th a n  tw ic e  t h e i r  w id th s  a f t e r  f o r ty - n in e  days in  c u l t u r e . 
C le a r ly ,  th e  embryos o f  F. s p i r a l i s  have a g r e a t  c o m p e tit iv e  
advan tage  over th o s e  o f  F e lv e t i a  n o t on ly  b ecau se  th e y  d evelop  f a s t e r ,  
b u t  a ls o  b eca u se  e lo n g a tio n  i s  em phasized in  t h e i r  p a t t e r n  o f  
developm ent.
4 .4 .2  F h o to s y n th e t ic  r a t e s  and grow th c h a r a c t e r i s t i c s  o f  m acroscop ic  
p la n ts
The r a t e s  o f  p h o to s y n th e s is  and o f  grow th o f  young p la n ts  o f  
F e lv e t i a  and F. s p i r a l i s  w ere com pared u s in g  la b o ra to r y  d a ta  a lre a d y  
c o l le c t e d  f o r  o th e r  d e te rm in a tio n s .  F i r s t l y ,  oxygen e v o lu tio n  r a t e s  
o f  th e  two s p e c ie s  w ere m easured  s e v e r a l  tim e s  w ith o u t a p re c e d in g
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F ig u re  35. C ourse o f  gro^rth in  embryos o f  F e lv e t i a  (o ) and Fucus s p i r a l i s  (6 ) , 
Each p o in t  r e p r e s e n ts  mean ± s ta n d a rd  d e v ia t io n  o f  tw e n ty  random ly 
s e le c te d  em bryos. I n i t i a l  head  le n g th  and w id th  a re  e q u a l to  
o b se rv ed  d ia m e te r  o f  z y g o te s .
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e^cperim ental s t r e s s ,  and th e s e  r a t e s  w ere compared d i r e c t l y .
S eco n d ly , in  many o f  th e  c u l tu r e  e x p e rim e n ts , th e  grow th r a t e s  o f  th e  
two s p e c ie s  w ere d e te rm in e d  s im u lta n e o u s ly  u n d er i d e n t i c a l  c o n d i t io n s .  
For each  tre a tm e n t in  each e x p e r im e n t, th e  l i n e a r  grow th and r e l a t i v e  
w eig h t g a in  o f  F e lv e t i a  w ere e x p re s se d  as a p e rc e n ta g e  o f  th e  r a t e s  
o b se rv ed  in  F, s p i r a l i s . D ata  f o r  p la n ts  which w ere d e s ic c a te d  p r i o r  
to  th e  c u l tu r e  p e r io d  o r  w ere subm erged l e s s  th a n  tw e lv e  h o u rs  p e r  day 
w ere e x c lu d e d , s in c e  th e  t r e a tm e n ts  a f f e c t  th e  two s p e c ie s  d i f f e r e n t l y .
Oxygen e v o lu t io n  r a t e s , c a l c u la te d  on a w et w e ig h t b a s i s  , w ere 
e s s e n t i a l l y  s im i la r  in  F e lv e t i a  and F. s p i r a l i s  (T ab le  5 8 ) w hich was 
a s u r p r i s in g  r e s u l t  c o n s id e r in g  th e  much more r a p id  developm ent o f  
F. s p i r a l i s  in  th e  f i e l d  e x p e rim e n ts . However, F e lv e t i a  has a  somewhat 
h ig h e r  p e rc e n t d ry  m a tte r  th a n  F . s p i r a l i s , and m ust f i x  more carbon  
th a n  F. s p i r a l i s  to  p roduce a g iv e n  amount o f  new t i s s u e .  T h e re fo re ,  
F e lv e t i a  w ould be e x p e c te d  to  p roduce somewhat l e s s  new t i s s u e  p e r  
u n i t  e x i s t in g  t i s s u e  p e r  day , and w ould show a s lo w er r e l a t i v e  w eig h t 
g a in . This was found  to  be t r u e  in  a l l  th e  c u l tu r e  w ork , and th e  
d i f f e r e n c e  was u s u a l ly  s t a t i s t i c a l l y  s ig n i f i c a n t  (T ab le  5 9 ). However, 
F e lv e t i a  and s p i r a l i s  d i f f e r e d  much more d r a m a tic a l ly  in  t h e i r  
l i n e a r  grow th r a t e s ,  ( T ab le 6 0 ) .  I t  was shown e a r l i e r  t h a t  F e lv e t i a  
p la n ts  have a  more bushy h a b i t  o f  grow th th a n  F . s p i r a l i s  p la n ts  o f  th e  
same s iz e  (T ab le  1 0 ) ,  w hich m igh t e x p la in  th e  o b se rv ed  c o n t r a s t  in  
l i n e a r  grow th r a t e s . The two s p e c ie s  ap p ea r t o  d i f f e r  n o t in  p h o to ­
s y n th e t ic  r a t e ,  b u t  in  how th e y  a l lo c a t e  t h e i r  p h o to s y n th a te , i . e .  t h e i r  
grow th s t r a t e g y .  F e lv e t i a  p roduces a bushy t h a l l u s  composed o f  t i s s u e  
w ith  a  h ig h  dry  m a t te r  c o n te n t  w h ile  F. s p i r a l i s  u t i l i z e s  i t s  p h o to ­
s y n th a te  to  p roduce a  r a p id  l i n e a r  grow th .
T ab le  5 8 : Comparison o f  oxygen e v o lu tio n  r a t e s  o f  F e lv e t i a
and Fucus s p i r a l i s  * = p < O.O5 .
Fucus s p i r a l i s F e lv e t i a
oxygen _ oxygen p e rc e n t  o f
e v o lu tio n e v o lu tio n r a t e
r a t e r a t e , o b serv ed t  val"
y m o les /g y m o les/g in  F. f o r
n -  h ou r n -h o u r s p i r a l i s d if fe :
10 1 8 .5  ± 2 .9 10 2 2 .3  ± 2 .6 1 2 0 .5 3 .11*
10 1 9 .8  ± h.6 10 2 3 .2  ± 2 .2 1 1 7 .2 2 .1 7
5 21 .7  ± 5 .3 5 2U.2  ± 1 .8 111.% 0 . 9%
5 2 5 .8  ± h.6 h 2 7 .6  ± 2 .9 1 0 6 .9 0 .6 9
5 2 8 .2  ± 1 .7 3 2 6 .7  ± 1 .2 9k.J 1 .2 5
5 2 9 .0  ± 3 .2 5 2 3 .3  ± 2.T 8 0 .It 1 .6 6
1%9
T able 59 : Com parison o f  r e l a t i v e  w eig h t g a in  o f  F e lv e t i a
w ith  t h a t  o f  F. s p i r a l i s  in  c u l tu r e .
* = p < 0 . 0 5 ; ** = p < 0 .0 1 ;  *** = p < 0 .001
F e lv e t i a Fucus s p i r a l i s r a t e  in  F e lv e t ia
as p e rc e n t t  v a lu e
■eatment
imber n
% w eigh t 
g a in  p e r  day n
% w e ig h t g a in  
g a in  p e r  day
o f  r a t e  in  
F. s p i r a l i s
f o r
d if f e r e n c e
1 15 2 .3 1 ± 0 .2 7 15 2 .6 2 ± 0 .35 8 8 ,1 2 . 72*
2 9 0 .9 5 1 0 .2 0 10 1 .%% ± 0 .5 0 66 .0 2 . 85*
3 10 2 .2 8 ± 0 .2 7 10 3 .87 ± 0 .6 7 5 8 .9 6 . 9%*#*
U 5 2 .3 1 ± 0 .6 3 5 2 . 9% ± 0.%2 7 8 .5 1 .8 5
5 5 2 .3 9 ± 0 .3 5 5 3 . 1 % ± 0 .3 1 7 6 .1 3 . 58*
6 10 %.%2 ± 0 .3 9 10 5 .8 8 ± 0 .2 6 7 5 .2 9 . 86***
7 15 1 .8 1 ± 0 .2 7 15 2.1% ± 0 .3 3 8%.6 2 . 99**
8 15 2 .0 5 ± 0 .3 6 15 2.%1 ± 0 .2 2 8 5 .0 3 . 30**
9 5 2.%% ± 0 .7 0 5 3 . 2% ± 0 .3 2 7 5 .3 2 .3 3
10 10 1 .1 3 ± 0 .3 3 10 2 .22 ± 0.%2 50 .9 %.73**
11 10 2 . 2 7 ± 0 . 3 8 10 %.21 + 0 . 5 5 5%.o 9 . 15***
13a 5 1 . 8 1 ± 0.68 5 3 .7 2 + 0 . 6 9 %8.7 %.%1*
a r e l a t i v e  w e ig h t g a in  was n o t m easured  in  tr e a tm e n t  12
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T ab le  60: Com parison o f  l i n e a r  grow th r a t e  o f  F e lv e t i a
w ith  t h a t  o f  F. s p i r a l i s  i n  c u l tu r e .
* =  p  < 0 . 0 5 ; * *  =  p  < 0 . 0 1 ;  * * *  =  p  < 0 . 0 0 1
t r e a tm e n t
F e lv e t i a
grow th
Fucus s p i r a l i s  
grow th
r a t e  in  
F e lv e t i a  
as p e rc e n t  
o f  r a t e  in
t  v a lu e  
f o r
number n mm/month n mm/month F . s p i r a l i s d i f f e r e n c e
1 15 8 .1 ± 1 .8 15 1 7 .6 ± 2 .5 %6.0 11.93**
2 9 3 .9 i 1 .7 10 1 0 .8 ± 5 .0 3 6 .1 % .ll* *
3 10 7 .6 ± 2 .8 10 2 2 .6 ± 3 .6 3 3 .6 9 . 69***
% 5 8 .7 i 0 .6 5 1 8 .3 ± %.5 %7.5 %.72**
5 5 9 .9 ± 2 .7 5 1 8 .9 ± %.2 52.% %. %8*
6 10 9 .3 ± 2 .2 10 22 .2 ± 2 .9 %1.9 1 1 . 55***
7 15 3 .7 ± 1 .1 15 11.% ± 2.% 32 .5 11.30***
8 15 %-5 i 1 .1 15 1 2 .9 ± 2 .9 3%.9 1 0 . 50***
9 5 %.5 ± 2 .3 5 1 7 .6 ± 3 .6 2 5 .6 6 . 86**
10 10 5 .3 ± 0 .9 10 1 0 .9 + 1 .5 %8.6 10.12***
11 10 8 .6 ± 2.h 10 1 8 .2 ± 3 .8 %7.2 6 . 75***
12 10 5 .1 ± 2 .8 10 1 8 .6 ± 2 .8 27.% 1 0 . 77***
13 5 8 .3 ± 1 .3 5 1 8 .0 ± 1 .0 %6.1 1 3 . 23***
A second  consequence o f  F e l v e t i a *s bushy h a b i t  o f  grow th i s  t h a t  
i t  c a s ts  shade l e s s  e f f e c t i v e l y  th a n  F. s p i r a l i s . The b ra n c h e s  o f  a 
F e lv e t i a  p la n t  o v e r la p  each  o th e r  to  a g r e a t e r  e x te n t  th a n  do th o s e  o f  
a F. s p i r a l i s  p la n t  o f  a  s im i l a r  w eig h t (eg . compare th e  %Q-%%.5 mm 
F e lv e t i a  le n g th  c la s s  w ith  th e  6 0 -6 9 .5  mm le n g th  c l a s s  o f  F. s p i r a l i s  
in  T ab le 1 0 ) . S in ce  s u r f a c e  t o  mass r a t i o s  a re  s im i la r  in  th e  two 
s p e c ie s  and s in c e  F. s p i r a l i s  f ro n d s  te n d  to  l i e  o v e r th e  s u rro u n d in g  
s u b s tra tu m , th e  _F. s p i r a l i s  p la n t  can c a s t  shade o v e r a l a r g e r  a re a  
th a n  a  F e lv e t i a  p la n t  o f  th e  same w e ig h t.
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I t  was o b se rv ed  in  th e  c o m p e tit io n  ex p erim en ts  t h a t  P e lv e t i a  
d ev e lo p s much more s lo w ly  d u rin g  i t s  f i r s t  y e a r  th a n  d u rin g  i t s  
second . For exam ple, p la n t s  w hich had  re a c h e d  o n ly  1 -8  mm in  le n g th  
a t  th e  age o f  one y e a r  ( P la te  20A) grew t o  le n g th s  o f  40-T0 mm d u rin g  
t h e i r  second  y e a r  ( P la te  20B ). In  c u l tu r e ,  a d i s t i n c t  p o s i t i v e  
c o r r e l a t i o n  was found betw een  th e  p l a n t s ’ i n i t i a l  le n g th  and t h e i r  
l i n e a r  grow th r a t e  ( F ig u re  36 l e f t ) .  However, th e r e  was no c o r r e l a t i o n  
betw een p e rc e n t w e ig h t g a in  and i n i t i a l  le n g th  in  th e  c u l tu r e s  (F ig u re  
3 6 , r i g h t ) ,  w hich in d ic a te s  t h a t  young and o ld e r  P e lv e t i a  p la n ts  d i f f e r  
l a r g e ly  in  a l l o c a t io n  o f  p h o to s y n th a te  r a th e r  th a n  p h o to s y n th e t ic  r a t e s . 
A p p a re n tly , th e  grow th p a t t e r n  o f  P e lv e t i a  i s  one o f  p a r t i c u l a r l y  slow  
l i n e a r  grow th d u rin g  th e  e a r ly  s t a g e s , w hich was d em o n stra ted  in  th e  
ex trem e by th e  embryos (F ig u re  3 5 ). As a r e s u l t ,  th e  f i r s t - y e a r  
P e lv e t i a  p la n t  i s  p a r t i c u l a r l y  v u ln e ra b le  to  b e in g  overgrow n and shaded  
by c o m p e tito rs .
C u ltu re  c o n d it io n s  n e v e r  p r e c i s e ly  d u p l ic a te  th o s e  in  n a tu r e ,  and 
m igh t p roduce s e r io u s  a r t e f a c t s  in  grow th r a t e  co m p ariso n s. In  o rd e r  
to  a s c e r t a in  w h e th e r c u l tu r e  c o n d it io n s  a f f e c t e d  th e  p r e s e n t  r e s u l t s ,  
l i n e a r  grow th r a t e s  o f  n a t u r a l  p o p u la tio n s  o f  P e lv e t i a  and _F. s p i r a l i s  
w ere m easured . On th e  s h o re ,  g ro w th , lo s s  o f  b ra n c h e s  and lo s s  o f  e n t i r e  
p la n t s  o ccu r s im u l ta n e o u s ly ,  w hich c o m p lica te s  com parison  betw een 
grow th r a t e s  in  n a t u r a l  s ta n d s  and th o s e  o f  in d iv id u a l  p la n ts  in  
c u l tu r e .  T h e re fo re ,  two p a ra m e te rs  o f  grow th w ere m easured  as 
fo llo w s . Q uadrats  m easu ring  0 .2 5  x 0 .2 5  m w ere m arked o u t in  s ta n d s  
c o n s is t in g  m o s tly  o f  young p l a n t s ,  and each q u a d ra t was d iv id e d  in to  
tw e n ty - f iv e  50 x 50 mm sub s q u a r e s . The lo n g e s t  p la n t  p r e s e n t  in  each 
o f  th e  su b sq u a res  was m easured  i n i t i a l l y  and on th r e e  o c c a s io n s  over 
a  p e r io d  o f  n in e  m onths. For each  s u b sq u a re , th e  change in  maximum 
le n g th  betw een s u c c e s s iv e  m easurem ents was n o te d . No d a ta  w ere ta k e n  
f o r  sub sq u a re s  w hich c o n ta in e d  no p la n ts  a t  th e  b e g in n in g  and end o f  
a g iv en  tim e i n t e r v a l ,  b u t th e  lo s s  o f  a l l  p la n ts  from  a  s u b s q u a re , 
and  th e  appea ran ce  o f  new p la n ts  in  a  p re v io u s ly  b a r r e n  su b sq u a re  was 
re c o rd e d  as th e  a p p r o p r ia te  change in  maximum le n g th .  O ften  th e  p la n ts  
in  some su b sq u a res  showed a  n e g a t iv e  change in  t h e i r  maximum le n g th ,  
b u t  th e  m a jo r i ty  o f  th e  sub sq u a re s  showed a  n e t in c r e a s e .  For each
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q u a d ra t ,  th e  "n e t grow th r a te "  was c a lc u la te d  as th e  mean o f  th e  le n g th  
changes in  a l l  s u h sq u a re s , w hich r e f l e c t s  th e  com bined e f f e c t s  o f  
grow th and a t t r i t i o n .  The te n  l a r g e s t  in c re a s e s  w ere av erag ed  to  
o b ta in  th e  second  p a ra m e te r  "maximum grow th r a t e " ,  w hich was u sed  
as an e s t im a te  o f  th e  grow th r a t e  o f  in d iv id u a l  p la n ts  n o t a f f e c te d  by 
a t t r i t i o n .
Growth was a s s e s s e d  by t h i s  m ethod f o r  two r e a s o n s .  F i r s t l y ,  i t  i s  
th e  n e t  grow th r a t e  w hich d e te rm in e s  c o m p e tit iv e  a b i l i t y .  A p o p u la t io n  
in  w hich many p la n ts  lo s e  b ra n c h e s  o r  a re  removed a l to g e th e r  by n a t u r a l  
cau ses  may n o t form  an e f f e c t i v e  canopy even i f  th e  few p la n ts  which 
a re  n o t th u s  a f f e c t e d  grow r a p id ly  in  le n g th .  S eco n d ly , e s t im a t in g  
grow th by m easu ring  in d iv id u a l  m arked p la n ts  i s  d i f f i c u l t  owing to  th e  
te n d en cy  to  lo s e  a  l a r g e  p e rc e n ta g e  o f  th e  p la n t s .
Growth r a t e s  o f  F. s p i r a l i s  w ere m easured in  th r e e  q u a d ra ts  p la c e d  
w ith in  th e  F. s p i r a l i s  z o n e , and in  one q u a d ra t in  th e  P e lv e t i a  zone 
w hich c o n ta in e d  a s p a rs e  s ta n d  o f  F. s p i r a l i s  in  a d d i t io n  to  a  w e ll  
developed  s ta n d  o f  young P e l v e t i a . Growth r a t e s  o f  P e lv e t i a  w ere m easured  
in  th e  la s t -m e n tio n e d  q u a d ra t and in  two o th e rs  w ith in  th e  P e lv e t i a  
zone. The q u a d ra ts  in c lu d e d  m o stly  young p l a n t s ,  b u t a  few o ld e r ,  
l a r g e r  p la n ts  w ere p r e s e n t  w hich w ere l o s t  d u rin g  th e  f i r s t  tw o-m onth 
p e r io d ,  r e s u l t i n g  in  v e ry  low o r  n e g a t iv e  n e t  grow th r a t e s  d u r in g  
t h i s  i n t e r v a l .
The maximum grow th r a t e s  o b se rv ed  in  th e  two s p e c ie s  w ere v e ry  
s im i la r  to  t h e i r  grow th r a t e s  in  c u l tu r e  (Compare T ab les 6 l and 6 0 ) ,  
w hich s u g g e s ts  t h a t  c u l tu r e  c o n d it io n s  d id  n o t s e r io u s ly  a f f e c t  th e  
grow th r a t e  o f  e i t h e r  s p e c ie s .  Both th e  n e t  grow th r a t e  and th e  
maximum grow th r a t e  o f  F. s p i r a l i s  w ere g e n e ra l ly  two t o  th r e e  tim e s  
th o s e  o f  P e lv e t i a  (T ab le  6 l ) .  D uring th e  n in e  month p e r io d ,  F. 
s p i r a l i s  developed  in t o  a  s o l i d  co v er s e v e ra l  t h a l l u s  la y e r s  deep 
( P la te  21) w h ile  th e  P e lv e t i a  s ta n d s  rem ained  v i s i b l y  l e s s  m assive  
( P la te  2 2 ). I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  F. s p i r a l i s  in  
Q uadrat 5 , w ith in  th e  P e lv e t i a  zone grew in  le n g th  a t  ro u g h ly  th e  same 
r a t e  as th e  P e lv e t i a  ( T able 6 l ) , and rem ained  in c o n sp icu o u s  a t  th e  
end o f  n in e  months ( P la te  2 1 ) . A p p a ren tly  p h y s ic a l  c o n d it io n s  in  th e  
P e lv e t i a  zone r e s t r i c t e d  th e  grow th o f  th e  _F. s p i r a l i s  p l a n t s , and 
p re v e n te d  them  from  ou tco m p etin g  P e lv e t i a .
BP la t e  21: Q uadrat 3 , lo c a te d  w i th in  th e  Fucus s p i r a l i s  zo n e ,
showing r a p id  developm ent o f  dense co v er o f  Fucus 
s p i r a l i s  o v e r  a n in e  month p e r io d .
A. Septem ber U th , 1975.
B. June 15 t h ,  1 9 7 6 .
P la te  22: Q uadrat 5» lo c a te d  w ith in  th e  Pe l v e t i a  zone show ing
developm ent o f  a s ta n d  o f  young P e lv e t i a  o v e r a te n  
month p e r io d .
A. A ugust 25 t h ,  1975-
B. June 15 t h ,  1976 . Fucus (F) has grown w ith in  th e  
q u a d ra t h u t has rem ained  in c o n sp ic u o u s .
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T h e o r e t ic a l ly ,  P e lv e t i a  m ight escape  c o m p e tit io n  in  th e  F. s p i r a l i s  
zone hy r e le a s in g  i t s  ■z.ycjcTe-5 a t  a  tim e  when s p i r a l i s  i s  n o t r e ­
p ro d u c in g . However, th e  o b se rv ed  f e r t i l e  p e r io d  o f  P e lv e t i a  (Ju n e -  
Septem her a t  I s l e  o f  Cumhrae) l i e s  e n t i r e l y  w ith in  t h a t  o f  F . s p i r a l i s  
(A p r i l -O c to h e r ) . T h e re fo re ,  any f r e e  p rim ary  space  w hich becomes 
a v a i la b le  in  th e  F. s p i r a l i s  zone d u rin g  summer w ould be s e t t l e d  by 
zy j^otes o f  b o th  s p e c ie s  a t  th e  same t im e ,  and th e  ex tre m e ly  slow -grow ing  
P e lv e t i a  germ lin g s  w ould rem ain  in  th e  under s to r e y  b e n e a th  th e  d ev e lo p in g  
canopy o f  F. s p i r a l i s . The absence o f  a  P e lv e t i a  u n d e rs to re y  b e n e a th  
n a t u r a l  s ta n d s  o f  F. s p i r a l i s  s u g g e s ts  t h a t  P e lv e t i a  can n o t grow in  
th e  red u ce d  i l lu m in a t io n  b e n e a th  such s ta n d s ,  and t h i s  p o s s i b i l i t y  was 
in v e s t ig a t e d  in  c u l tu r e .
4 .5  The e f f e c t  o f  red u ce d  i l lu m in a t io n  upon grow th r a t e s  o f  young
p la n ts
Young p la n ts  o f  P e l v e t i a , Fucus s p i r a l i s  and F. s e r r a tu s  w ere 
c u l tu r e d  f o r  tw en ty  days u n d er two d i f f e r e n t  l e v e l s  o f  i r r a d ia n c e  in  
o rd e r  to  d e te rm in e  w h e th e r P e lv e t i a  r e q u ir e s  a h ig h e r  l i g h t  i n t e n s i t y  
to  grow n o rm ally  th a n  do Fucus spp . Ten p la n ts  o f  each  s p e c ie s  w ere 
c u l tu r e d  in  each o f  two t a n k s , one o f  w hich was c o m p le te ly  co v ered  w ith  
s e v e r a l  la y e r s  o f  w h ite  m u slin  to  reduce  th e  i r r a d i a n c e  re a c h in g  th e  
p l a n t s .  The two ta n k s  w ere p la c e d  on th e  same s h e l f  u nder d a y l ig h t  
f lu o r e s c e n t  tu b e s  and th e  i r r a d ia n c e  m easured  w ith  th e  p h o to m ete r w hich 
had  been  c a l ib r a t e d  as d e s c r ib e d  in  s e c t io n  2 .4 .1 .2 .  The a lg a e  in  
th e  ta n k  co v ered  w ith  m u s lin  r e c e iv e d  8 .2  -  8 .5  m g -c a l/c m ^ -m in ,, and 
th o s e  in  th e  c o n t ro l  ta n k  r e c e iv e d  22 .2  -  2 3 .4  m g-ca l/cm ^-m in .
A ll  th r e e  s p e c ie s  grew more s lo w ly  a t  th e  low er i r r a d i a n c e ,  b u t 
th e  d i f f e r e n c e  was m ost p ronounced  in  P e lv e t i a  and l e a s t  so in  F. s e r r a tu s  
(T ab le  6 2 ). This in d i c a te s  t h a t  th e  l i g h t  re q u ire m e n ts  o f  th e  
d i f f e r e n t  fu c o id s  a re  r e l a t e d  to  t h e i r  v e r t i c a l  d i s t r i b u t i o n s  on th e  
sh o re . However, th e  ex tre m e ly  h ig h  r e l a t i v e  w eig h t g a in s  o f  th e  c o n t ro l  
p la n ts  su g g e s ts  t h a t  th e  a l g a l  m a te r ia l  u sed  in  t h i s  exp erim en t was 
u n u su a l in  some way t h a t  m ight have a f f e c te d  th e  r e s u l t s .
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T a b le  62: Mean ± s ta n d a rd , d e v ia t io n  o f  g ro w th  r a t e s  o f
P e l v e t i a , P ucus s p i r a l i s  and  P . s e r r a t u s  c u l t u r e d  
u n d e r  two d i f f e r e n t  i r r a d i a n c e s . n =10 f o r  e a ch
s p e c ie s  i n  each  t r e a tm e n t .  t  v a lu e s  f o r  d i f f e r e n c e s  
b e tw e en  t h e  tw o t r e a tm e n ts  * = p < 0 . 0 5 ; *** = p < 0 . 0 0 1 .
P e l v e t i a  L in e a r  
g ro w th , 
mm/month
c o n t r o l  e x p e r im e n ta l
( 2 2 . 2  -  2 3 .4  ( 8 . 2  -  8 .5  % o f
mg. c a l / cm ^-m in) mg. cal/cm ^^-m in) c o n t r o l
P. s p i r a l i s  L in e a r  
g ro w th  5 
mm/month
P . s e r r a t u s  L in e a r  
g ro w th , 
mm/month
9 .3  ± 2 . 2
% w e ig h t
g a in  p e r  day 4 .4 2  ± 0 , 3 9
2 2 . 2  ±  2 .'
io w e ig h t
g a in  p e r  day 5*88  ± 0 . 2 6
2 1 .0  ± 4 .4
% w e ig h t
g a in  p e r  day 4 .6 5  ± 0 . 8 9
6.6 ± 1.6  
2 .6 8  ± 0 .4 3
1 8 . 0  ± 2 . 2  
4 .9 3  ± 0 .5 2
2 0 . 0  ± 2 . 8
4 .1 9  ± 0 .5 4
64
6l
81
84
95
90
3 .1 4 *
9 . 56***
3 . 36*
5 . 16***
0 . 6 1
i . 4o
A s e c o n d  e x p e r im e n t was p e rfo rm e d  u s in g  a  new s e t  o f  sam p le s  t o  
d e te rm in e  w h e th e r  t h e  o b s e rv e d  t r e n d  i s  r e p r o d u c ib l e .  Young p l a n t s  o f  
P e l v e t i a , _F. s p i r a l i s  an d  A scophy llum  w ere  c o l l e c t e d  an d  c u l t u r e d  f o r  
tw e n ty  days u n d e r  i r r a d i a n c e s  o f  1 6 . 8  and  7 .1  m g -c a l/c m  -m in . A scophy llum  
was in c lu d e d  b e c a u s e  h e a l t h y  young  p l a n t s  w ere  o f t e n  fo u n d  b e n e a th  a  
h eav y  P. s p i r a l i s  canopy  u n d e r  w h ich  P e l v e t i a  h a s  p ro v e n  u n a b le  t o  
s u r v i v e ,  w h ich  s u g g e s t s  t h a t  A scophy llum  i s  more t o l e r a n t  o f  dim l i g h t .
The r e s u l t s  o f  t h i s  d e te r m in a t io n  w ere  am b iguous. The t r e n d  
o b s e rv e d  in  t h e  p r e c e d in g  e x p e r im e n t was p r e s e n t  t o  a  l e s s e r  d e g re e  in  
l i n e a r  g ro w th , b u t  was n o t  e v id e n t  i n  r e l a t i v e  w e ig h t  g a in  (T a b le  6 3 ) .
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T a b le  63 : Mean ± s ta n d a r d  d e v ia t io n  o f  g ro w th  r a t e s  o f
P e l v e t i a , P. s p i r a l i s  and  A scophy llum  c u l t u r e d  
u n d e r  tw o d i f f e r e n t  i r r a d i a n c e s ,  n = 10 f o r  
P e l v e t i a  an d  F. s p i r a l i s , n = 15 f o r  A sco p h y llu m . 
t  v a lu e s  f o r  d i f f e r e n c e s  b e tw e en  t h e  two t r e a tm e n t s  
* = p < 0 . 0 5  ; ** = p < 0 .0 1 ;  *** = p < 0 .0 0 1 .
c o n t r o l  
1 6 . 8  m g -c a l /  
cm ^-m in
e x p e r im e n ta l  
7 . 1- 7 *6 mg- 
c a l/c m ^ -m in
% o f  
c o n t r o l
P e l v e t i a  L in e a r  g ro w th ,
ram/month 4 .2  ± 1 .1
% w e ig h t g a in
p e r  day 2 .9 0 :± 0 .5 5
2 . 7  ± 0 . 5
1 . 9 0  ± 0 .1 9
64
66
3 . 9 1 **
5 . 43***
F. s p i r a l i s  L in e a r  g ro w th ,
mm/month 15*3 ± 2 .4
% w e ig h t g a in
p e r  day 3 .2 0  ± 0 . 31
1 1 . 7  ± 2 . 9  
1 .8 4  ± 0 . 5 2
77
58
2 . 85*
7 . 1 0 ***
A scophy llum  L in e a r  g ro w th ,
mm/month 6 .2  ± 1 . 5
% w e ig h t g a in  
p e r  day 2 . 5 7  ± 0 .4 2
4 .8  ± 1 ,8  
1 .8 4  ± 0 .3 9
77
72
2 . 32* 
14, 92***
F u r th e rm o re ,  t h e  r e l a t i v e  w e ig h t  g a in s  o f  t h e  t h r e e  s p e c ie s  a t  t h e  lo w e r  
l i g h t  i n t e n s i t y  w ere  e s s e n t i a l l y  th e  sam e, h e n c e  t h e r e  i s  no c l e a r  
i n d i c a t i o n  t h a t  P e l v e t i a  r e q u i r e s  a  h ig h e r  l i g h t  i n t e n s i t y  t h a n  th e  
o th e r  tw o s p e c i e s .
I n  b o th  e x p e r im e n ts ,  t h e  p l a n t s  grown u n d e r  re d u c e d  i r r a d i a n c e  
becam e c o n s id e r a b ly  d a r k e r  an d  m ore o l iv e - g r e e n  in  c o lo u r  t h a n  t h e  
c o n t r o l s .  On t h e  s h o r e ,  t h e  same d a rk  c o lo u r  was r e p e a te d l y  o b s e rv e d  
i n  young  fu c o id s  l o c a t e d  u n d e r  a  canopy  o f  l a r g e r  p l a n t s  ( e g . P l a t e  i 
1 7 )  w h ich  s u g g e s ts  t h a t  su ch  p l a n t s  may b e  s i g n i f i c a n t l y  l i g h t -
l i m i t e d .
A t h i r d  e x p e r im e n t was u n d e r ta k e n  t o  com pare t h e  e f f e c t  on P e l v e t i a  
and  A scophy llum  o f  a  more s e v e r e  r e d u c t io n  i n  i r r a d i a n c e .  Ten p l a n t s
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o f  each  s p e c ie s  w ere  c u l t u r e d  f o r  tw e n ty  days u n d e r  e a ch  o f  two 
i r r a d i a n c e s :  1 0 .6 - 1 2 .4  m g -c a l/c m  -m in  and  2 .3 - 3 .1  m g -c a l/c m  -m in .
The h ig h e r  i r r a d i a n c e  was o b ta in e d  b y  c o v e r in g  t h e  t a n k  c o m p le te ly  w i th  
tw o l a y e r s  o f  w h i te  m u s l in ,  an d  t h e  lo w e r  i r r a d i a n c e  b y  c o v e r in g  th e  
s id e s  an d  b o tto m  w ith  opqaue b l a c k  p a p e r ,  and  th e  to p  w i th  se v en  l a y e r s  
o f  m u s l in .  U nder b o th  re g im e s  A scophy llum  grew  somewhat f a s t e r  i n  
l e n g th  an d  w e ig h t th a n  P e l v e t i a  b u t  b o th  s p e c ie s  a p p e a re d  t o  b e  v e ry  
c lo s e  t o  t h e i r  c o m p e n sa tio n  p o i n t s  a t  t h e  lo w e r  i r r a d i a n c e  (T a b le  6 4 ) .
T able 64 ; Mean ± s ta n d a rd  d e v ia t io n  o f  grow th r a te s  o f
P e lv e t i a  and A scophyllum  a t  two low l e v e l s  o f  
i r r a d i a n c e
P e l v e t i a
A scophy llum
n
9
10
2 . 3- 3 . 1  m g -c a l/c m  day
% w e ig h t 
g a in  p e r  day n
l i n e a r  g ro w th  
mm/month______
0 . 9  ± 0 . 6  
1 . 6  ± 2. 0
0 . 0 6 + 0 . 0 9  9
0 . 1 9  ± 0 . 0 7  10
1 0 .6 - 1 2 .4  m g -c a l/c m  -d a y
l i n e a r  g ro w th  % w e ig h t 
mm/month______  g a in  p e r  day
4 .2  ± 2 .2
6 . 9  ± 3 .9
0 . 7 7  ± 0 .2 1
1 .3 9  ± 0 .3 3
Two c o n c lu s io n s  w ere  drawn from  th e s e  r e s u l t s .  F i r s t l y ,  P e l v e t i a ’ s
l i g h t  r e q u ir e m e n t  i s  a t  m ost s l i g h t l y  h ig h e r  t h a n  t h a t  o f  t h e  o t h e r
f u c o id s .  S e c o n d ly , t h e  g ro w th  c o m p e n sa tio n  p o i n t  i n  c u l t u r e  u n d e r  a
21 6 / 8  d a y /n ig h t  c y c le  i s  n e a r  2 -3  m g -c a l/c m  -m in . S in c e  g ro w th  r a t e s
2i n  c u l t u r e s  m a in ta in e d  a t  l 6 - 2 4  m g -c a l/c m  -m in  w ere  c lo s e  t o  t h e  maximum 
g ro w th  r a t e s  o b s e rv e d  on th e  s h o r e ,  t h e  p l a n t s  w ere  assum ed  t o  becom e 
l i g h t - s a t u r a t e d  w i t h in  t h i s  r a n g e .  To d e te rm in e  w h e th e r  l i g h t  i s  
a c t u a l l y  l i m i t i n g  u n d e r  a  c a n o p y .o f  2 -  s p i r a l i s  t h e  e x p e c te d  i r r a d i a n c e s  
u n d e r  su ch  a  canopy  w ere  e s t im a te d  and com pared  w i th  t h e s e  t h r e s h h o ld s .  
The l i g h t  a t t e n u a t i o n  b y  one an d  b y  two l a y e r s  o f  F . s p i r a l i s  b l a d e s  was 
m ea su red  as f o l lo w s .  The EEL P h o t o e l e c t r i c  P h o to m e te r  was s e t  up i n  t h e  
f i e l d  w ith  t h e  p h o to r e c e p to r  on a  h o r i z o n t a l  s u r f a c e .  A s i n g l e  l a y e r  
o f  young  F. s p i r a l i s  p l a n t s  was c a r e f u l l y  a r r a n g e d  on t h e  r e c e p t o r ,  
c o v e r in g  i t  c o m p le te ly  w i th  a s  l i t t l e  o v e r la p  o f  b l a d e s  a s  p o s s i b l e ,  
an d  t h e  i l l u m i n a t i o n  was m e a su re d . Then t h e  b la d e s  w ere  q u ic k ly  rem oved
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and  th e  i l l u m i n a t i o n  im m e d ia te ly  re m e a su re d . T h is  was r e p e a te d  t e n  
t im e s ,  and t h e  r a t i o  o f  i l l u m i n a t i o n  w ith  b la d e s  t o  i l l u m i n a t i o n  w i th o u t  
b la d e s  was c a l c u l a t e d  f o r  each  p a i r  o f  r e a d in g s .  F iv e  p a i r s  o f  r e a d in g s  
w ere  a l s o  ta k e n  u s in g  tw o l a y e r s  o f  b l a d e s .  T ra n s m it ta n c e  by  a  s i n g l e  
l a y e r  was fo u n d  t o  b e  9 .0  ± 3 . 5^5 and  tw o l a y e r s  re d u c e d  i n c i d e n t  l i g h t  
t o  2 .1  ± 0.6% . U sin g  t h e s e  d a ta  and  th e  m o n th ly  means f o r  th e  d a i l y  
g lo b a l  s o l a r  r a d i a t i o n  on a  h o r i z o n t a l  s u r f a c e ,  t h e  am ounts o f  r a d i a t i o n  
a v a i l a b l e  f o r  p h o to s y n th e s is  u n d e r  one and  u n d e r  two l a y e r s  o f  F . s p i r a l i s  
b la d e s  in  Ju n e  and  Decem ber w ere  c a l c u l a t e d  (T a b le  6 5 ) .  Two a s su m p tio n s  
w ere  made in  t h e s e  e s t i m a t e s .  F i r s t l y ,  s in c e  t h e  _F. s p i r a l i s  zone i s  
ex p o sed  m ost o f  t h e  t im e ,  and  r a r e l y  subm erged  t o  a  d e p th  g r e a t e r  th a n  
one  m e tr e ,  l i g h t  a t t e n u a t i o n  ow ing t o  subm ergence was d i s r e g a r d e d .
S eco n d ly , when th e  p la n t s  a re  subm erged, w a te r  c u r r e n ts  move th e  b la d e s  
abou t and e f f e c t i v e l y  red u ce  th e  number o f  la y e r s  sh ad in g  th e  su b s tra tu m . 
S in ce  th e  su b s tra tu m  in  F. s p i r a l i s  s ta n d s  u s u a l ly  rem ains co m p le te ly  
h id d en  from  view  d u rin g  subm ersion  (p e rs o n a l  o b s e rv a tio n )  i t  was assum ed 
to  be shaded by a t  l e a s t  one t h a l l u s  l a y e r .
The e s t im a te s  show t h a t  t h e  Fucus - canopy may re d u c e  th e  i r r a d i a n c e  t o  
s u b s a t u r a t i n g  l e v e l s  d u r in g  th e  summ er, and  may c u r t a i l  i t  t o  n e a r  o r  
b e lo w  t h e  c o m p e n sa tio n  p o in t  d u r in g  th e  w in t e r  (T a b le  6 5 ) .  The a c tu a l  
amount o f  l i g h t  a v a i l a b l e  t o  P e l v e t i a  g row ing  u n d e r  such  a  canopy  w ou ld  
a c t u a l l y  b e  somewhat l e s s  th a n  t h a t  i n d i c a t e d  by  t h e  t a b l e  f o r  two 
r e a s o n s .  F i r s t l y ,  d u r in g  low  t i d e ,  t h e  F. s p i r a l i s  b la d e s  l i e  s e v e r a l  
l a y e r s  deep o v e r  t h e  s u b s tr a tu m  (T a b le s  13 and  l 4 ) . S e c o n d ly , s in c e  t h e  
a b s o r p t io n  s p e c t r a  and  p h o to s y n th e s i s  a c t i o n  s p e c t r a  o f  brow n a lg a e  a r e  
v e ry  s i m i l a r  (S te e m a n -N ie ls e n  1 9 7 5 ) j th e  o v e r ly in g  F . s p i r a l i s  b la d e s  
w ould  s e l e c t i v e l y  a b s o rb  th o s e  w a v e le n g th s  P e l v e t i a  c o u ld  u se  m ost 
e f f i c i e n t l y .  C l e a r l y ,  P e l v e t i a  g ro w in g  b e n e a th  a F . s p i r a l i s  canopy, 
w ould  be  s e v e r e ly  l i g h t - l i m i t e d ,  e s p e c i a l l y  d u r in g  w i n t e r .
The g e rm lin g s  o f  many brow n a lg a e  can s u r v iv e  f o r  lo n g  p e r io d s  o f  
t im e  in  d a rk n e s s  o r  v e ry  dim l i g h t ,  and  resum e g ro w th  when a d e q u a te  l i g h t  
i s  a g a in  a v a i l a b l e  (B urrow s I 96I ,  K ain  1 9 6 4 , S h e a d e r  & Moss 1 9 7 5 ) . An 
e x p e rim e n t was u n d e r ta k e n  t o  a s c e r t a i n  w h e th e r  P e l v e t i a  m ig h t l a c k  t h i s  
a b i l i t y .  E ig h t  g l a s s  s l i d e s  w ere  in o c u la te d  w ith  P e l v e t i a  z y g o te s  and 
c u l t u r e d  f o r  e ig h t  days u n d e r  an i r r a d i a n c e  o f  l6 - 2 4  m g -c a l/c m  -m in  s u p p l i e d  
s i x t e e n  h o u rs  p e r  d ay . S ix  o f  t h e  s l i d e s  w ere  t h a n  p la c e d  in  a  t a n k
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T a b le  65: T o ta l  g lo b a l  s o l a r  r a d i a t i o n  p e r  day an d  mean
i r r a d i a n c e  a v a i l a b l e  t o  u n sh a d ed  p l a n t s  and  t o  
p l a n t s  b e n e a th  one o r  two l a y e r s  o f  F , sp i r a l i s  
b l a d e s .  1 m g -ca l/cm ^ -m in  = 0 .6 9 7 2  w a tt /m ^ .
T o ta l  r a d i a t i o n  a v a i l a b l e  p e r  d a y , w att-hrs/m *^
Mean d a i l y  g lo b a l  
s o l a r  r a d i a t i o n  
on a  h o r i z o n t a l  
s u r f a c e  ^
Mean d a i l y  g lo b a l  
s o l a r  r a d i a t i o n  
a v a i l a b l e  f o r  
p h o t o s y n th  es i  s
A v a i la b le  
u n d e r  
one l a y e r  
o f  b la d e s
A v a i la b le  
u n d e r  
two l a y e r s  
o f  b la d e s
Ju n e
D ecem ber
4788
318
2250
150
203
1 3 . 5
4 7 .3
3 .1
A p p ro x im ate  c o m p e n sa tio n  p o i n t  i n  c u l t u r e :  2 2 .3  (2 m g -c a l/c m  - m i n , l 6 h r s /d a y )^
A p p ro x im ate  s a t u r a t i o n  p o i n t  i n  c u l t u r e :  2 2 3 .1  ( 2 0 m g -c a l/ cm ^-m in , I 6 h r s / d a y ’
Mean i r r a d i a n c e  b e tw e en  s u n r i s e  and s u n s e t ,  
mg-c a l / cm^-min
Mean day l e n g th  
a t  56°N l a t i t u d e  
h o u rs
I r r a d i a n c e  
a v a i l a b l e  f o r  
p h o to s y n th e s  i s
I r r a d i a n c e  u n d e r  
one l a y e r  
o f  b la d e s
I r r a d i a n c e  u n d e r  
tw o l a y e r s  
o f  b la d e s
Ju n e
Decem ber
1 7 .4 8
7 .1 2
1 8 4 ,6
3 0 . 1
1 6 . 6  
2 . 7
3 . 9
0 .6
A p p ro x im ate  c o m p e n sa tio n  p o i n t  i n  c u l t u r e :  2 
A p prox im ate  s a t u r a t i o n  p o i n t  i n  c u l t u r e :  20
D a ta  f o r  D u n s ta f f nage  M arine  L a b o ra to ry  n e a r  O ban,
A r g y l l ,  S c o t la n d ,  s u p p l i e d  by  M e te o r o lo g ic a l  O f f ic e  
i n  E d in b u rg h .
T o ta l  i r r a d i a n c e  m u l t i p l i e d  by  0 .4 7 ,  a s  t h i s  i s  t h e
p r o p o r t io n  o f  s o l a r  r a d i a t i o n  b e tw e e n  350 and  700  nm
an d  t h e r e f o r e  a v a i l a b l e  f o r  p h o to s y n th e s is  (S te e m a n -N ie ls e n
1 9 7 5 )
V i r t u a l l y  a l l  t h e  r a d i a t i o n  from  f l u o r e s c e n t  tu b e s  l i e s  
b e tw e en  350 and  700  nm.
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from  w hich  l i g h t  was e x c lu d e d  h y  a  c o v e r in g  o f  opaque p o ly th e n e .  The 
medium in  t h e  t a n k  was c h an g ed  e v e ry  f o u r t e e n  d a y s , an d  was a e r a t e d  t o  
a s s u r e  t h a t  oxygen d id  n o t  becom e d e p le t e d .  The re m a in in g  two s l i d e s
w ere  c u l t u r e d  i n  t h e  l i g h t  f o r  a n o th e r  tw e n ty -o n e  days a f t e r  w h ich  
t h i r t y  em bryos on e a ch  s l i d e  w ere  s e l e c t e d  a t  random  and  t h e i r  
l e n g th s  m e a su re d . S l id e s  w ere  w ith d ra w n  from  t h e  d a rk e n e d  t a n k  a t  
i n t e r v a l s  an d  t h i r t y  em bryos on each  s l i d e  w ere  m e a su re d . Each s l i d e  
was th e n  c u l t u r e d  i n  t h e  l i g h t  f o r  tw e n ty -o n e  d a y s , a t  t h e  end  o f  
w h ich  t h i r t y  em bryos w ere  m ea su red  a g a in  t o  d e te rm in e  w h e th e r  t h e  
em bryos grew  a f t e r  t h e  p ro lo n g e d  d a rk  t r e a tm e n t .
A s i m i l a r  d e te r m in a t io n  was c a r r i e d  o u t w i th  Fucus s p i r a l i s  t o  
f i n d  o u t w h e th e r  t h i s  s p e c ie s  c o u ld  s u rv iv e  lo n g e r  i n  t h e  d a rk  th a n  
P e l v e t i a . N e w l y - f e r t i l i z e d  z y g o te s  and  s ix - d a y  em bryos w ere  c u l t u r e d  
i n  t h e  d a rk  f o r  l 4 ,  3 0 ,  6 l ,  91 and  1 2 0  d a y s . W ith  t h e  e x c e p t io n  o f  t h e  
s l i d e s  rem oved a f t e r  f o u r t e e n  d a y s , t h i r t y  em bryos w ere  m ea su red  
im m e d ia te ly  a f t e r  t h e  d a rk  p e r i o d .  Each s l i d e  was c u l t u r e d  f o r  e le v e n  
days in  t h e  l i ^ t , a f t e r  w h ich  t h i r t y  em bryos w ere  m ea su red  a g a in .
D u rin g  t h e  f i r s t  n in e t e e n  days i n  t h e  d a r k ,  P e l v e t i a  em bryos u n d e r ­
w en t num erous c e l l  d i v i s i o n s  an d  p ro d u c e d  s e v e r a l  r h i z o i d s , b u t  d id  
n o t  a p p e a r  t o  d e v e lo p  f u r t h e r  t h e r e a f t e r .  Growth d u r in g  th e  tw e n ty -o n e  
day i l l u m i n a t e d  c u l t u r e  p e r io d  was s lo w , even  in  t h e  c o n t r o l s ,  b u t  t h e  
l e n g t h  i n c r e a s e s  d u r in g  t h i s  p e r i o d  a f t e r  n i n e t e e n ,  t h i r t y  and  s i x t y  
days i n  t h e  d a rk  w ere s t a t i s t i c a l l y  s i g n i f i c a n t  (T a b le  6 6 ) .  The 
em bryos w h ich  h a d  s p e n t  s i x t y  days i n  th e  d a rk  w ere  r e c u l t u r e d  f o r  a  
se c o n d  tw e n ty -o n e  days t o  d e te rm in e  w h e th e r  t h e  d a rk  p e r io d  h a d  a  lo n g -  
l a s t i n g  e f f e c t  on t h e i r  g ro w th  r a t e .  U n f o r tu n a t e ly ,  t h e  c u l t u r e  becam e 
h e a v i ly  c o n ta m in a te d  w i th  g re e n  a l g a e , w h ich  may hav e  c a u se d  th e  
o b s e rv e d  i n h i b i t i o n  o f  g ro w th . A f t e r  n i n e t y  days i n  th e  d a r k ,  
s c a t t e r e d  d ead  c e l l s  w ere o b s e rv e d  i n  many o f  t h e  em bryos. No n e t  
g ro w th  was o b s e rv e d  d u r in g  tw e n ty -o n e  days i n  t h e  l i g h t  (T a b le  66) , b u t  
a  few h e a l th y  em bryos w ere  n o t i c e d  w h ich  w ere c o n s id e r a b ly  l a r g e r  t h a n  
th e  o t h e r s .  T h is  s u g g e s t s  t h a t  a t  l e a s t  a  s m a ll  p e rc e n ta g e  o f  P e l v e t i a  
em bryos can  re m a in  v i a b l e  a f t e r  n in e ty - d a y s  i n  t h e  d a rk .
B oth  t h e  z y g o te s  an d  t h e  s ix - d a y  em bryos o f  s p i r a l i s  re m a in e d  
h e a l th y  d u r in g  t h e  d a rk  p e r i o d ,  and  p ro d u c e d  a  v e ry  lo n g  p r im a ry  r h i z o i d  
d u r in g  t h e  f i r s t  f o u r t e e n  d a y s , a f t e r  w h ich  l i t t l e  f u r t h e r  d ev e lo p m en t 
o c c u r r e d .
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T a b le  66 ; Growth o f  P e l v e t i a  em bryos a f t e r  d a rk  p e r io d s
o f  v a r io u s  d u r a t i o n s . Mean ± s ta n d a r d  d e v ia t i o n  
o f  tbillus l e n g t h  o f  t h i r t y  em bryos. Embryos e ig h t  
days o ld  a t  b e g in n in g  o f  d a rk  p e r i o d ,  t  v a lu e  
f o r  d i f f e r e n c e  b e tw een  l e n g th  im m e d ia te ly  a f t e r  
d a rk  p e r i o d  and  a f t e r  tw e n ty -o n e  days i n  c u l t u r e  
i n  t h e  l i g h t .  *** = p < 0 .0 0 1
d u r a t io n  
o f  d a rk  
p e r io d
L e n g th , pm
im m e d ia te ly
a f t e r
d a rk  p e r io d
21 days a f t e r  
d a rk  p e r io d
4-2 days a f t e r  
d a rk  p e r io d
none 177 ± 22
196 + 21
19 days l 4 l ± 12 167 ± 21 3 . 67***
143 ± 11 174 ± 25 6 .2 1 * * *
30 days 147 ± 12 165 ± 22 3 . 92***
60 days l4 4 ± 13 162 ± 23 169  ± 4o^ 3 . 73***
90 days 140 ± l 4 138 ± 17 0 . 5 0
l4 6 ± 11 149 ± 23 0 .6 4
Heavy c o n ta m in a t io n  o f  c u l t u r e  may h av e  a f f e c t e d  g ro w th
Growth d u r in g  th e  f i r s t  e le v e n  days a f t e r  t h e  d a rk  p e r i o d  seem ed 
t o  becom e p r o g r e s s iv e l y  s lo w e r  as  t h e  l e n g t h  o f  t h e  d a rk  p e r i o d  in c r e a s e d  
(T a b le  6 7 ) .  When t h e  em bryos w ere  m a in ta in e d  in  i l l u m i n a te d  c u l t u r e  
f o r  a  lo n g e r  p e r io d  o f  t im e ,  th e y  resum ed  r a p i d  g row th  (T a b le  6 7 ) ,  w h ich  
shows t h a t  t h e  p r o lo n g e d  d a rk  p e r i o d  h a d  o n ly  a  te m p o ra ry  e f f e c t  on 
t h e i r  d e v e lo p m en t. C l e a r l y ,  t h e  e a r l y  E. s p i r a l i s  em bryos a r e  v e ry  
c a p a b le  o f  s u r v iv in g  f o r  s e v e r a l  m onths in  t o t a l  d a r k n e s s ,  and  can  
resum e r a p i d  g row th  a  s h o r t  t im e  a f t e r  l i g h t  a g a in  becom es a v a i l a b l e .
The P e l v e t i a  em bryos seem ed a  l i t t l e  l e s s  a d a p te d  th a n  th o s e  o f  F. 
s p i r a l i s  t o  s u r v iv in g  lo n g  p e r io d s  o f  d a rk n e s s  o r  v e ry  dim  i l l u m i n a t i o n .
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T a b le  67 : Growth o f  Fucus s p i r a l i s  em bryos a f t e r  d a rk
p e r io d s  o f  v a r io u s  d u r a t i o n s .  Mean ± s ta n d a r d  
d e v ia t i o n  o f  bkllu; l e n g th  o f  t h i r t y  em bryos, 
t  v a lu e s  f o r  d i f f e r e n c e  b e tw e en  l e n g th  im m e d ia te ly  
a f t e r  d a rk  p e r i o d  an d  a f t e r  e le v e n  days i n  c u l t u r e
i n  th e  l i g h t ,  ** = p < 0 . 0 1 p < 0 .0 0 1
Embryos s i x  days o l d  a t  b e g in n in g  o f  t h e  d a rk  p e r io d
d a rk  p e r io d
L e n g th , pm 
imme i d a t e l y  11  day s
a f t e r  d a rk  
p e r io d
a f t e r  
d a rk  p e r io d
2 2 -2 3  days 
a f t e r
d a rk  p e r io d
14 days ( 90 - 1 3 0 )^ 236 + 34
30 days 106 ± 12 187 ± 24 1 6 . 52***
61 days 109 ± 11 155 ± 21 1 0 .6 4 * * *
91 days 109 ± 17 133 ± 17 9 . 14'!%«-«• 303 36
120 days 111 ± 16 128 ± 22 3 .4 2 * * 311 ± 65
113 ± 13 125 ± 18 2 . 9 6** 320 + 49
Z y g o tes  l e s s  th a n  tw e n ty - f o u r  h o u rs  o ld  a t  b e g in n in g  
o f  d a rk  p e r io d
L e n g th , pm
d a rk  p e r io d
im m ed ia te  
a f t e r  d a rk  
p e r io d
11  days 
a f t e r
d a rk  p e r io d
22-23  days
a f t e r  
t  d a rk  p e r i o d
l 4  days ( 80- 1 0 0 )^ 192  ± 24
30 days 91 ± 8 172  ± 21 1 9 . 75***
61 days 98 ± 11 137 ± 20 9 . 36***
91 days 97 ± 8
94 ± 10
123  ± 15 
127  ± 16
8 .4 6 * * *  299 ± 46 
9 . 38*** 282  ± 4 l
120 days 95 ± 10 116  ± l 4 6 .6 6 * * *  294 ± 49
E s t im a te d  r a n g e .  E x a c t m easu rem en ts  n o t  t a k e n .
163
However t i n y ,  h e a l th y  P e l v e t i a  em bryos w ere  d i s c o v e r e d  u n d e rn e a th  
n a t u r a l  s ta n d s  o f  a d u l t  p l a n t s  i n  May 1976 . S in c e  t h e  minimum age o f  
t h e s e  em bryos was e i g h t  m o n th s , i t  was c o n c lu d e d  t h a t  g e rm lin g s  o f  t h i s  
s p e c ie s  can  s u r v iv e  f o r  lo n g  p e r io d s  u n d e r  a  f u c o id  can o p y . I t  m ig h t 
b e  e x p e c te d  t h a t  su ch  em bryos w o u ld  b e  p r e s e n t  i n  t h e  F. s p i r a l i s  zone 
and  w ou ld  grow i n t o  c o n s p ic u o u s  p l a n t s  w h e re v e r  t h e  F. s p i r a l i s  canopy 
i s  s u d d e n ly  rem oved b y  s to rm s  o r  o t h e r  n a t u r a l  c a u s e s .  S in c e  P e l v e t i a  
i s  r a r e l y  fo u n d  i n  t h e  F . s p i r a l i s  z o n e , some o t h e r  f a c t o r  a p p a r e n t ly  
rem oves s m a l l  P e l v e t i a  fro m  t h e  u n d e r s to r e y  o f  _F» s p i r a l i s  s ta n d s  b e f o r e  
th e y  becom e m a c ro s c o p ic . One su ch  f a c t o r  m ig h t b e  t h e  s e c r e t i o n  o f  
c h e m ic a l s u b s ta n c e s  o f  s p i r a l i s  w h ich  a d v e r s e ly  a f f e c t  P e l v e t i a .
4 .6  The e f f e c t  o f  Fucus s p i r a l i s  upon th e  s u r v i v a l  and g ro w th  o f
P e l v e t i a  i n  c u l t u r e .
The e f f e c t  o f  s u b s ta n c e s  e x c r e te d  by  F . s p i r a l i s  on z y g o te s  o f  
P e l v e t i a  was i n v e s t i g a t e d  i n  c u l t u r e .  One s l i d e  b e a r i n g  z y g o te s  was 
p la c e d  i n  each  o f  t h r e e  p e t r i  d i s h e s  c o n ta in in g  4o ml o f  c u l t u r e  medium 
and  s m a l l  p l a n t s  o f  F. s p i r a l i s  w e ig h in g  a  t o t a l  o f  0 .2 5  ± 0 . l 8  g .
C are  was ta k e n  t o  e n s u re  t h a t  t h e  Fucus p l a n t s  d id  n o t  sh ad e  th e  s l i d e s  
o r  o th e r w is e  i n t e r f e r e  w i th  them  p h y s i c a l l y .  S im u l ta n e o u s ly ,  t h r e e  
c o n t r o l  c u l t u r e s  w ere  s e t  up on w h ich  th e  P e l v e t i a  z y g o te s  w ere  grown 
a lo n e .  B ecause  t h e  F . s p i r a l i s  p l a n t s  m ig h t a f f e c t  t h e  P e l v e t i a  
em bryos by  e x h a u s t in g  t h e  n u t r i e n t  s u p p ly  in  th e  s m a l l  volum e o f  m edium , 
a  se c o n d  s e t  o f  c o n t r o l s  was- c u l t u r e d  w i th  0 .2 5  ± 0 .0 1  g . o f  P e l v e t i a  
i n  each  p e t r i  d i s h .  N u t r i e n t  d e p le t i o n  w ou ld  b e  e x p e c te d  t o  o c c u r  i n  
t h e s e  c o n t r o l s  t o  a b o u t t h e  same e x te n t  as in  t h e  e x p e r im e n ta l  s e t .
To m in im ize  t h e  p o s s i b i l i t y  o f  n u t r i e n t  e x h a u s t io n  b y  t h e  l a r g e r  p l a n t s ,  
1 /5  (oiueMivaktùw medium was u s e d  r a t h e r  th a n  l / l O  The z y g o te s
w ere  c u l t u r e d  f o r  t h i r t y - s i x  days a f t e r  w h ich  t h i r t y  em bryos on each  
s l i d e  w ere  m ea su red .
T here  was no i n d i c a t i o n  t h a t  t h e  F . s p i r a l i s  p l a n t s  i n h i b i t e d  t h e  
g ro w th  o f  t h e  P e l v e t i a  em bryos (T a b le  6 8 ) .  H ow ever, t h e  c u l t u r e s  becam e 
v e ry  c o n ta m in a te d  w h ich  p ro b a b ly  c o n t r i b u t e d  t o  t h e  g r e a t  v a r i a t i o n  
b e tw e e n  r e p l i c a t e s  and  may hav e  s e r i o u s l y  a f f e c t e d  t h e  r e s u l t s .
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T a b le  68; E f f e c t  o f  Eucus s p i r a l i s  on th e  g ro w th  o f
P e l v e t i a  em bryos. Mean ± s ta n d a r d  d e v ia t io n  
o f  l e n g t h  a f t e r  t h i r t y - s i x  days i n  c u l t u r e .
L en g th pm
r e p l i c a t e
1
2
3
c u l t u r e d
a lo n e
153 ± 14  
i 49 ± 19 
159 ± 21
c u l t u r e d  w ith  
0 .2 5  ± O .O lg o f  
l a r g e r  P e l v e t i a  
p l a n t s ___________
210 ± 38 
178 ± 19 
138 ± 13
c u l t u r e d  w ith  
0 .2 5  ± O .O lg  o f  
F . s p i r a l i s  
p l a n t s ___________
252 ± 52 
l 8 l  ± 31
187  ± 23
S in c e  c o n ta m in a t io n  i s  v e ry  d i f f i c u l t  t o  e l im in a te  i n  c u l t u r e s  o f  
P e l v e t i a  em b ry o s, a  s e c o n d  e x p e r im e n t was c a r r i e d  o u t  u s in g  s m a ll  
P e l v e t i a  p l a n t s  9 -2 1  mm i n  l e n g t h .  F i f t e e n  o f  t h e s e  w ere  g ro ’^ m w ith  
s e v e r a l  l a r g e  F . s p i r a l i s  p l a n t s  an d  a n o th e r  f i f t e e n  s m a l l  P e l v e t i a  w ere  
c u l t u r e d  w i th  s e v e r a l  l a r g e  P e l v e t i a . The l a r g e  p l a n t s  w ere  a t t a c h e d  
s e c u r e ly  t o  t h e  o p p o s i t e  end  o f  a  p e r s p e x  p l a t e  fro m  t h e  s m a l l  p l a n t s  
t o  e n s u re  t h a t  th e y  w ou ld  n o t sh a d e  th em . The g ro w th  r a t e s  o f  th e  
s m a ll  p l a n t s  d u r in g  tw e n ty  days i n  c u l t u r e  w ere  m e a s u re d , and  w ere 
fo u n d  to  b e  e q u a l  i n  t h e  tw o t r e a tm e n t s  (T a b le  6 9 ) .  T h e r e f o r e  i t  
was c o n c lu d e d  t h a t  young s t a g e s  o f  P e l v e t i a  a r e  n o t a f f e c t e d  by  F . 
s p i r a l i s  any m ore t h a n  t h e y  a r e  b y  a d u l t  p l a n t s  o f  t h e i r  own s p e c i e s .
T ab le  69 ; E f f e c t  o f  F ucus s p i r a l i s  on t h e  g ro w th  o f  young 
p l a n t s  o f  P e T v e t ia  (Mean ± s ta n d a r d  d e v i a t i o n ) . 
t  v a lu e  f o r  d i f f e r e n c e  b e tw e en  t r e a t m e n t s .
t r e a tm e n t
grown w i th  f i v e  
P e l v e t i a  p l a n t s  
t o t a l  w e ig h t 4 . 65g
grown w ith  f i v e  
F . s p i r a l i s  p l a n t s  
t o t a l  w e ig h t  4 . 58g
l i n e a r  g ro w th , 
n  m m /m on th______
15
15
3 . 9  ± 1 .4
3 . 9  ± 1 .1
% w e ig h t  g a in  
p e r  day_______
5 2 . 8  ± 1 0 . 2
5 7 . 2  ± 1 3 . 5
t 1.01
i 65
4 .7  E f f e c t  o f  p ro lo n g e d  su b m e rs io n  on P e l v e t i a
I t  h a s  b e e n  shown t h a t  F . s p i r a l i s  form s a  s h a d in g  canopy  b e n e a th  
w h ich  P e l v e t i a  g e rm lin g s  c a n n o t g row , b u t  t h a t  t h i s  a lo n e  does n o t  
e l im in a te  t h e s e  g e r m l in g s . In d e e d ,  many o f  t h e  P e l v e t i a  p l a n t s  
t r a n s f e r r e d  t o  t h e  m id sh o re  d e c a y e d  and  w ere  l o s t  b e f o r e  o t h e r  a lg a e  
h a d  s t a r t e d  t o  fo rm  a  canopy  o v e r  th em , w hich  s u g g e s t s  t h a t  p r o lo n g e d  
su b m e rs io n  i t s e l f  may a d v e r s e ly  a f f e c t  t h i s  s p e c i e s .  C e r t a i n l y ,
P e l v e t i a , u n l ik e  F . s p i r a l i s , was d i f f i c u l t  t o  c u l t u r e  f o r  l o n g e r  th a n  
f o u r  o r  f i v e  w e e k s , e s p e c i a l l y  i n  c o n s ta n t  su b m e rs io n . The t i p s  
te n d e d  t o  becom e a b n o rm a lly  n a rro w  and  t o  d e v e lo p  s m a l l  d a rk  n e c r o t i c  s p o ts  
n e a r  t h e  a p i c a l  p i t ,  and  t h e  e n t i r e  p l a n t  som etim es d e c a y e d . O f te n  th e y  
w ere  overg row n  w ith  g re e n  an d  b lu e - g r e e n  a l g a l  e p ip h y te s .  I n  t h e  t i d a l  
s im u l a t i o n ,  c u l t u r e s ,  decay  and  e p ip h y t i c  g row th  in c r e a s e d  p r o g r e s s iv e l y  
w i th  i n c r e a s i n g  su b m e rs io n  t im e  and  w ith  i n c r e a s i n g  s t r e n g t h  o f  t h e  
medium (T a b le  70)* The s i m i l a r i t y  b e tw e en  th e  e f f e c t s  o b s e rv e d  in  
c u l t u r e  and  th o s e  o b s e rv e d  i n  t h e  m id sh o re  t r a n s p l a n t s  i n d i c a t e s  t h a t  
p ro lo n g e d  s u b m e rs io n  i t s e l f  may h av e  c o n t r i b u t e d  t o  t h e  dem ise  o f  
t h e s e  t r a n s p l a n t s .
T ab le  70 :
t i d a l  r e g im e , 
h o u rs  subm erged  
p e r  day_________
I n t e n s i t y  o f  d ecay  and  e p ip h y t i c  g ro w th  on P e l v e t i a  
i n  c u l t u r e s  w i th  d i f f e r e n t  m ed ia  and u n d e r  d i f f e r e n t  
t i d a l  r e g im e s .
0 = no d ecay  o r  e p ip h y te s  
t  = l i g h t  
f t  ~ m o d e ra te  
t t t  = e x te n s iv e
Decay
u n e n r ic h e d
s e a w a te r
1/20 1/10 1 /5 f u l l y
e n r ic h e d
22
20
12
4
2
t i d a l  r e g im e , 
h o u rs  subm erged  
p e r  day_________
20
4
E p ip h y te s
u n e n r ic h e d
s e a w a te r
t
0
1 /2 0
t
0
t t
t t
t
t t t
t
1 /5
t t t
t
t t t
t t
f u l l y
e n r ic h e d
t t t
t t t
l 6 6
4 ,8  The r o l e  o f  i n t e r s p e c i f i c  c o m p e t i t io n  in  d e te r m in in g  r e l a t i v e
ab u n d an ces  o f  Fncns sp p , and A scophy llum  a t  v a r io u s  l e v e l s  on
t h e  s h o re
A scophy llum  an d  t h e  t h r e e  s p e c ie s  o f  Fucus d i f f e r  q u a l i t a t i v e l y  
fro m  P e l v e t i a  in  t h a t  th e y  a l l  c a n  grow w e l l  a t  m id sh o re  and  o c c u r  a t  
t h i s  l e v e l  n a t u r a l l y .  H ow ever, t h e y  a r e  c h a r a c t e r i s t i c a l l y  a b u n d a n t 
a t  d i f f e r e n t  l e v e l s .  I n  p a r t i c u l a r ,  F . s p i r a l i s  fo rm s a  w e l l  d e f in e d  
u p s h o re  zone and  i s  n o t  a b u n d a n t n e a r  MTL, a l th o u g h  i t  can  grow 
v ig o r o u s ly  and  r e p ro d u c e  a t  t h i s  l e v e l  ( P l a t e  12 B ) . By c o n t r a s t ,  
A scophy llum  te n d s  t o  d o m in a te  t h e  m id d le  s h o r e ,  w h ich  s u g g e s ts  t h a t  
i t  i s  c o m p e t i t iv e ly  s u p e r i o r  t o  Fucus sp p . , p a r t i c u l a r l y  F . s p i r a l i s  
w i th  w h ich  i t  o f t e n  fo rm s a  d i s t i n c t  z o n a l  b o u n d a ry . The r e l a t i v e  
c o m p e t i t iv e  a b i l i t i e s  o f  t h e s e  f o u r  s p e c ie s  w ere i n i t i a l l y  i n v e s t i g a t e d  
b y  com paring  th e  g ro w th  r a t e s  o f  t h e i r  em bryos. The z y g o te s  w ere  
c u l t u r e d  as d e s c r ib e d  i n  s e c t i o n  2 . 4 . 3 ,  e x c e p t  t h a t  t h e  s l i d e s  w ere  
p la c e d  in  a  l a r g e  t a n k  o f  medium. The l e n g th s  o f  f i f t e e n  to
t h i r t y  random ly  s e l e c t e d  em bryos o f  ea ch  s p e c ie s  w ere  m ea su red  a t  
i n t e r v a l s .  The w id th s  w ere  a l s o  ta k e n  once  a f t e r  t w e n ty - e ig h t
d a y s . The em bryos w ere  t r a n s f e r r e d  t o  a e r a t e d  c u l t u r e  medium and  
grown u n t i l  th e y  w ere  l l 4  days o ld  t o  d e te rm in e  w h e th e r  th e y  w ou ld  
d e v e lo p  n o rm a l ly .  F i n a l l y ,  t h e  f i v e  l a r g e s t  p l a n t s  o f  e a c h  s p e c ie s  
w ere  ta k e n  fro m  t h e  s l i d e s , m ounted  on a p e r s p e x  p l a t e  and  c u l t u r e d  
f o r  a n o th e r  t w e n ty - s ix  days d u r in g  w h ich  t h e i r  g ro w th  i n  l e n g t h  and  
w id th  was m o n ito re d .
D u rin g  t h e  i n i t i a l  t w e n ty - e ig h t  d a y s , F, s e r r a t u s  em bryos grew  
t h e  m ost r a p i d l y  by  f a r ,  fo l lo w e d  b y  F . v e s ic u lo s u s  an d  F . s p i r a l i s  
i n  t h a t  o r d e r  ( F ig u r e  3T)*» w h ich  c o rre s p o n d s  t o  t h e i r  o r d e r  o f  
o c c u r r e n c e  on th e  s h o r e .  T h is  s u g g e s ts  t h a t  F . s p i r a l i s  i s  n o t  
a b u n d a n t w i t h in  t h e  r a n g e s  o f  i t s  tw o c o n g e n e rs  b e c a u s e  i t  i s  a  
somewhat i n f e r i o r  c o m p e t i to r ,  ow ing t o  i t s  s lo w e r  e a r l y  d e v e lo p m e n t. 
S u r p r i s i n g l y ,  A sco p h y llu m  grew  o n ly  h a l f  as r a p i d l y  a s  F . s p i r a l i s , 
and  th u s  seem s t o  b e  a t  a  s e v e r e  d is a d v a n ta g e  i n  i t s  e a r l y  s t a g e s .
The f o u r  s p e c ie s  d i f f e r e d  much l e s s  i n  t h e  w id th s  a t t a i n e d  by  t h e i r  
em bryos i n  t w e n ty - e ig h t  d a y s ,  and  t h e  r a t i o  o f  l e n g t h  t o  w id th  was 
d i r e c t l y  r e l a t e d  t o  l i n e a r  g ro w th  r a t e  (T a b le  T l)*  A p p a r e n t ly ,  t h e
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F ig u re  37: C o u rse  o f  g ro w th  o f  em bryos o f  A sco p h y llu m  ( Q ) , Fucus
s p i r a l i s  (A) , F . v e s ic u lo s u s  (©) an d  Fj^ s e r r a t u s  («} 
(mean ± s t a n d a r d  d e v i a t i o n ) ,  n ~ 30 f o r  m easu rem en t 
a f t e r  6g d a y s ,  n = 15 f o r  m easu rem en t a f t e r  13 a n d  21 
d a y s , n = 2 5 -3 0  f o r  m easu rem en t a f t e r  28  d a y s .
i 6 t
T ab le  T l :  L e n g th , w id th  and  r a t i o  o f  mean l e n g t h  t o  mean
w id th  i n  t w e n ty - e ig h t  day o ld  em bryos o f  A sco p h y llu m  
an d  t h r e e  s p e c ie s  o f  F u c u s . Mean ± s ta n d a r d  
d e v ia t io n  o f  t h i r t y  em bryos f o r  l e n g t h  and  w id th .
n  l e n g t h   ^ nm w i d t h , pm
r a t i o  o f  
mean l e n g t h  
t o  mean l e n g th
A scophy llum  30 558 ± 133 209 ± 28
Z i  s p i r a l i s  30 IO 58 ± 222 2k8 ± 4?
F. v e s ic u lo s u s  30 1À09 ± ^IT  298  ± 65
F. s e r r a t u s  25 260U ± klh  383 ± I 6
2 .6 7
4 . 2 7
4 . 7 1
6 .80
g row th  s t r a t e g y  o f  t h e  e a r l y  s t a g e s  o f  Fucus sp p . i s  one o f  r a p i d  
e lo n g a t io n  and  e s c a p e  fro m  t h e  sh a d e  o f  co m p e tin g  a l g a e ,  and  t h i s  
s t r a t e g y  i s  d e v e lo p e d  t o  t h e  e x tre m e  i n  F. s e r r a t u s . By c o n t r a s t ,  
A scophy llum  fo rm s a  much l e s s  e lo n g a te d  t h a l l u s ,  and  i t s  g ro w th  
p a t t e r n  som ewhat r e s e m b le s  t h a t  o f  P e l v e t i a  i n  t h i s  r e s p e c t .
At t h e  end  o f  l l 4  days t h e  l a r g e s t  p l a n t s  o f  t h e  t h r e e  Fucus 
s p e c ie s  h a d  d e v e lo p e d  t h e  c h a r a c t e r i s t i c  m id r ib  and  b la d e  o f  t h i s  g e n u s .
v e s ic u lo s u s  h a d  o v e r ta k e n  F. s e r r a t u s  in  l e n g t h ,  and  c o n t in u e d  t o  
grow t h e  m ost r a p i d l y , w h i le  A sco p h y llu m  re m a in e d  b y  f a r  t h e  s m a l l e s t  and  
s lo w e s t-g ro w in g  o f  t h e  f o u r  s p e c i e s  ( T ab le  7 2 ) .
T a b le  72
A scophy llum  
F. s p i r a l i s  
F . v e s ic u lo s u s  
F . 8e r r a t u s
Mean ± s t a n d a r d  d e v ia t io n  o f  l e n g t h  and  w id th ,  and  
mean g ro w th  r a t e  o f  t h e  f i v e  l a r g e s t  p l a n t s  i n  l l 4  
day o ld  c u l t u r e s  o f  A scophy llum  and  t h r e e  s p e c ie s  o f  
Fucus
114 days o ld l4 0  days o ld
mean l i n e a r  
g ro w th
l e n g t h , mm w id th ,  mm l e n g t h ,  mm w id th ,  mm mm/month
4 . 3  ± 0 .4  0 . 8  ± 0 . 1  6 . 9  ± 0 . 7  1 .4  ± 0 . 2  3 . 0
1 3 . 2  ± 2 . 5  3 .1  ± 0 . 7  2 0 .5  ± 3 . 8  5 . 4  ± 1 .3  8 .4
2 5 . 5  ± 5 . 6  4 . 7  ± 1 . 5  3 8 . 3  ± 7 . 6  8 . 5  ± 2 . 2  l 4 . 8
2 4 .1  ± 5 . 4  4 .2  ± 1 . 5  2 9 . 1  ± 5 . 8  6 . 2  ± 1 . 7  9 . 2
168
I n  a  few  c u l t u r e  e x p e r im e n ts ,  t h e  l i n e a r  g row th  r a t e  and  r e l a t i v e  
w e ig h t  g a in  o f  young p l a n t s  o f  F . s e r r a t u s  w ere  d e te rm in e d  s im u l ta n e o u s ly  
w i th  th o s e  o f  P e l v e t i a  and F . s p i r a l i s , and  t h i s  was a l s o  done once f o r  
A sco p h v llu m . The c o m p a riso n  r e v e a l e d  a s t r i k i n g  re s e m b la n c e  b e tw e en  
A scophy llum  an d  P e l v e t i a . B o th  s p e c ie s  grew  f a r  m ore s lo w ly  i n  l e n g t h ,  
b u t  o n ly  s l i g h t l y  more s lo w ly  i n  w e ig h t ,  th a n  d id  F. s p i r a l i s  (T a b le  7 3 ) .  
T h ere  was a l s o  a  g r e a t  s i m i l a r i t y  b e tw e en  F . s p i r a l i s  and  F . s e r r a t u s , 
e s p e c i a l l y  i n  t h e i r  l i n e a r  g row th  r a t e s .
T a b le  73 : C om parison  o f  l i n e a r  g row th  r a t e s  an d  r e l a t i v e  w e ig h t
g a in s  o f  A sco p h y llu m  a n d Fucus s e r r a t u s  w i th  t h o s e  o f  
P e l v e t i a  and  F . s p i r a l i s .  F ig u re s  r e p r e s e n t  mean ± 1 
s ta n d a r d  d e v ia t i o n .
l i n e a r  g ro w th , mm/month
p  P e l v e t i a  
10 4 .2  ± 0 .7
10 9 .3  ± 2 .2
15 4 .5  ± 1 .1
5 8 .3  ± 1 .3
— Z* s p i r a l i s  
10 1 5 .3  ± 1 .6  
10 2 2 .2  ± 2 .9  
15 1 2 .9  ± 2 .9  
5 1 8 .0  ± 1 .0
— A scophy llum  
15 6 .2  ± 1 .5
Ü F. s e r r a t u s
10
15
5
2 1 .0  ± 2 .9
1 6 . 6  ± 1 .5
1 2 .7  ± 3 .3
n P e l v e t i a  n
10 2 .9 0  ± 0 .5 5  10
10 4 .4 2  + 0 .3 9  10
15 2 .0 5  ± 0 .3 6  15
5 1.81  ± 0 .68  5
% w e ig h t  g a in  p e r  day 
s p i r a l i s  n A scophy llum
3 .2 0  ± 0 .3 1  15 2 .5 7  ± 0 .4 2
5 .8 8  ± 0 . 2 6  
2 ,4 1  ± 0 .2 2  
3 . 7 2  ± 0 .6 9
10
15
5
Z* s e r r a t u s
4 . 6 5  ± 0 . 8 9  
2 .5 9  ± 0 .2 4  
2 . 3 2  ± 0 . 6 5
S in c e  Fucus s p i r a l i s  r a p i d l y  o u tg ro w s and  sh a d e s  P e l v e t i a  i n  m ixed  
s ta n d s  i n  n a t u r e ,  a  m ixed  s ta n d  o f  F . s p i r a l i s  an d  A scophy llum  was 
o b s e rv e d  o v e r  a  p e r i o d  o f  n in e  m onths t o  d e te rm in e  w h e th e r  A scophy llum  
w ou ld  s u f f e r  t h e  same f a t e .  One o f  t h e  e x p e r im e n ta l  q u a d r a t s  i n  w h ich  
th e  n e t  g ro w th  r a t e  o f  F . s p i r a l i s  was m ea su red  was l o c a t e d  a t  t h e  
b o u n d a ry  b e tw e e n  t h e  F . s p i r a l i s  an d  A scophy llum  z o n e s ,  a t  2 . 6 5  m above 
c h a r t  da tum , (Q u a d ra t 1 ,  T a b le  6 1 ) , an d  c o n ta in e d  many s m a ll  p l a n t s  o f  
b o th  s p e c ie s  ( P l a t e  23A ). The mean n e t  g ro w th  r a t e  and  maximum g ro w th
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r a t e  o f  A scophyllum  was d e te rm in e d  d u rin g  th e  same p e r io d  ov er w hich 
th o s e  o f  F. s p i r a l i s  w ere m easured .
Fucus s p i r a l i s  g e n e r a l ly  grew two to  th r e e  tim es  as f a s t  as 
A scophyllum  and th e  grow th  r a t e  o f  th e  l a t t e r  was s im i la r  to  t h a t  o f  
P e lv e t i a  (T ab le  74) .  The s p i r a l i s  in  th e  q u a d ra t w ere i n i t i a l l y  
s m a l le r  th a n  th e  A scophyllum  ( P la te  23A) b u t th e y  u l t im a te ly  form ed a 
s o l i d  canopy w hich h id  th e  A scophyllum  from  view  ( P la te  23B). However, 
A scophyllum  s u rv iv e d  and grew somewhat b e n e a th  t h i s  canopy ( P la te  23C) , 
w hich s u g g e s ts  t h a t  i t  i s  immune to  w h atev e r f a c t o r  removed young P e lv e t i a  
p la n ts  in  th e  c o m p e tit io n  e x p e rim e n ts .
In  c u l t u r e ,  young p la n ts  o f  A scophyllum  w ere o n ly  s l i g h t l y  more 
t o l e r a n t  o f  red u ce d  i r r a d i a n c e  th a n  P e lv e t i a  (T ab les  6 3 , 6 4 ) .  In  o rd e r  
t o  d e te rm in e  w h e th e r t h i s  i s  a l s o  t r u e  o f  th e  em bryos, zy g o tes  o f  
A scophyllum  and P e lv e t i a  w ould i d e a l l y  b e  c u l tu r e d  s im u lta n e o u s ly  a t  
d i f f e r e n t  i r r a d i a n c e s .  However t h i s  was no t p o s s ib le  s in c e  th e  f e r t i l e  
p e r io d s  o f  th e  two s p e c ie s  do n o t o v e r la p .  T h e re fo re  A scophyllum  was 
com pared w ith  Fucus s p i r a l i s  and _F. s e r r a tu s  k eep in g  in  mind t h a t  F. 
s p i r a l i s  embryos a r e  s l i g h t l y  more t o l e r a n t  o f  p ro lo n g e d  d ark  p e r io d s  
th a n  th o s e  o f  P e lv e t i a  (T ab les  66 and 6 7 ) .
Two s l i d e s  o f  embryos o f  each  s p e c ie s  w ere c u l tu r e d  u nder each  o f  
two d i f f e r e n t  i r r a d i a n c e s .  U n fo r tu n a te ly ,  A scophyllum  g e rm in a te d  
p o o r ly ,  and on ly  one s l i d e  in  each  tr e a tm e n t  had  enough embryos to  
o b ta in  a  sam ple o f  t h i r t y  f o r  m easurem ent.
A scophyllum  grew a t  a lm o st th e  same r a t e  u nder th e  two l i g h t  
re g im e s , w h ile  b o th  Fucus s p e c ie s  grew c o n s id e ra b ly  more s lo w ly  u n d er 
th e  low er i r r a d i a n c e  th a n  u n d er th e  h ig h e r  one (T ab le  7 5 ) .
T his r e s u l t  su g g e s ts  t h a t  embryos o f  A scophyllum  can n o t on ly  
s u r v iv e ,  b u t  a l s o  grow in  v e ry  dim l i g h t .  T his may e x p la in  in  p a r t  
why A scophyllum  and P e lv e t i a  c o n t r a s t  so  s h a rp ly  i n  c o m p e tit iv e  a b i l i t y  
d e s p i te  t h e i r  a p p a re n t ly  s im i la r  p a t te r n s  o f  g row th .
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T a b le  75 : Mean ± s t a n d a r d  d e v ia t i o n  o f  tluKux l e n g t h  and
w id th  o f  Fucus s p i r a l i s , F . s e r r a t u s  and 
A scophy llum  em bryos a f t e r  tw e n ty - s e v e n  days i n  
c u l t u r e  u n d e r  tw o l e v e l s  o f  i r r a d i a n c e ,  
n = 30 f o r  each  r e p l i c a t e .
l e n g t h ,  ]jm
5 .9  -  6 .5  2 2 .h -  2 3 .0
m g -c a l/c m ^ -m in  m g -c a l/c m ^ -m in
l e n g t h ,  ym
5 .9  -  6 ,5  2 2 .h -  23 ,0
m g -c a l/c m ^ -m in  mg- c a l  /  cm^ -m in
F. s p i r a l i s ^91 ± 67 615 ± 66 176 ± 16 214 ± 19
502 ± 59 593 ±130 168 ± 12 194 + 28
F. s e r r a t u s 975 ±457 1187 ± 4o6 162 + 43 177 ± 31
963 ±338 1574 ± 528 163 ± 20 223 ± 37
A scophy llum 230 ± 42 24i ± 60 139 ± 15 152 ± 23
k.9  D is c u s s io n
S in c e  p h y s ic a l  c o n d i t io n s  become p r o g r e s s iv e l y  m ore s e v e r e  f o r  
f u c o id s  w ith  d i s t a n c e  u p s h o r e ,  i t  m ig h t b e  su p p o sed  t h a t  th e y  a r e  m ost 
f a v o u r a b le  be low  ELWS. H ow ever, t h e  g r a d i e n t  o f  d e c r e a s in g  i l l u m i n a t i o n  
w i th  i n c r e a s i n g  d e p th  s e t s  an u l t i m a t e  lo w e r  l i m i t  f o r  any p h o to s y n th e t i c  
o rg a n is m , and  t h i s  l i m i t  a p p e a rs  t o  l i e  j u s t  b e lo w  low  w a te r  m ark f o r  
f u c o id s .  _F. v e s ic u lo s u s  an d  A scophy llum  w ere  a d v e r s e ly  a f f e c t e d  when 
t r a n s p l a n t e d  t o  t h e  u p p e rm o st p a r t  o f  th e  s u b t i d a l  zone a t  S t .  M alo , 
F ra n c e  (H a tto n  1938) , and  d i s t i c h u s  d ie d  two m onths a f t e r  t r a n s f e r  
t o  low  w a te r  m ark a t  t h e  San Ju a n  I s l a n d s  o f  W ash in g to n  S t a t e  ( P o l lo c k
1 9 6 9 ) .
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I n s u f f i c i e n t  l i g h t  may c o n t r i b u t e  t o  t h e  e x c lu s io n  o f  P e l v e t i a  
from  t h e  m id sh o re  a t  I s l e  o f  Cum brae. E s t im a te s  o f  t h e  l i g h t  r e a c h in g  
th e  P e l v e t i a  zone and  t h e  m id sh o re  a r e  g iv e n  in  T a b le  j 6 .  T hese 
i n d i c a t e  t h a t  t i d a l  s u b m e rs io n  can  re d u c e  l i g h t  t o  w e l l  b e lo w  s a t u r a t i o n .  
T h is  p r o b a b ly  o c c u rs  o f t e n  a t  I s l e  o f  Cum brae, b e c a u s e  w i n t e r  w e a th e r  
i s  p re d o m in a n tly  c lo u d y ,  f r e q u e n t  s to rm s  i n c r e a s e  t h e  t u r b i d i t y  o f  t h e  
w a t e r ,  and  th e  v e ry  h ig h  w a te r s  o f  s p r in g  t i d e s  commonly o c c u r  n e a r  
m idday . As P e l v e t i a  t r a n s p l a n t e d  t o  t h e  m id sh o re  b e g a n  t o  d ecay  o n ly  
w i th  t h e  a p p ro a c h  o f  w i n t e r ,  i t  seem s l i k e l y  t h a t  l i g h t  l i m i t a t i o n  
p la y e d  a  r o l e  i n  t h e i r  d e c l i n e .  L ig h t  l i m i t a t i o n  a ls o  seem ed t o  a f f e c t  
th e  F. s p i r a l i s  p l a n t s  t r a n s f e r r e d  t o  t h e  m id s h o re . T h e i r  g ro w th  r a t e  
d e c re a s e d  t o  o n e - t h i r d  o f  t h e  maximum r a t e  i n  N o v em b er-F eb ru ary  when 
d a i l y  s o l a r  r a d i a t i o n  was l e a s t ,  and  in c r e a s e d  a g a in  as m ore l i g h t  
becam e a v a i l a b l e  in  s p r i n g  ( F ig u r e  3 3 ) . Growth r a t e s  o f  n a t u r a l  
u p sh o re  p o p u la t io n s  o f  F. s p i r a l i s  show ed a  much l e s s  p ro n o u n c e d  
d e p r e s s io n  i n  w i n t e r  ( T a b le  6l ) ,  w h ich  i l l u s t r a t e s  t h e  e f f e c t  on 
i l l u m i n a t i o n  o f  d e e p e r  an d  m ore p ro lo n g e d  su b m e rs io n  a t  m id s h o re .
Damant (1937) h a s  d e m o n s tra te d  t h a t  on some s h o r e s ,  t h e  o b s e rv e d  
lo w e r  l i m i t  o f  A scophy llum  may b e  d e te rm in e d  b y  a  c o m b in a tio n  o f  l i g h t  
l i m i t a t i o n  an d  h y d r o s t a t i c  p r e s s u r e  a s s o c i a t e d  w i th  deep  s u b m e rs io n .
The b u o y an cy  o f  t h i s  se a w e e d ’ s a i r  b la d d e r s  c a u se s  t h e  lo n g  f ro n d s  t o  
s t a n d  e r e c t  d u r in g  su b m e rs io n  so  t h a t  th e y  r e c e iv e  m ore l i g h t .  H ow ever, 
when subm erged  t o  a  s u f f i c i e n t  d e p th ,  h y d r o s t a t i c  p r e s s u r e  c a u s e s  t h e  
b la d d e r s  t o  c o l l a p s e ,  and  t h e  f ro n d s  s in k  t o  t h e  p o o r ly  i l l u m i n a t e d  l e v e l  
o f  t h e  s u b s tr a tu m . A t P o r t i s h e a d ,  w here  t h e  t i d a l  a m p litu d e  i s  a b o u t 
12 m e tre s  , Damant fo u n d  many u n h e a l th y  p l a n t s  w i th  c ru s h e d  b l a d d e r s  n e a r  
t h e  lo w e r  l i m i t  o f  A sc o p h y llu m , w h ich  was o n ly  a  l i t t l e  b e lo w  MTL. The same 
c o m b in a tio n  o f  f a c t o r s  m ig h t s i m i l a r l y  a f f e c t  F. v e s ic u lo s u s  w h ich  i s  a l s o  
e q u ip p e d  w i th  a i r  b l a d d e r s .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t  b o th  s p e c ie s  
grow-'- s u b t i d a l l y  i n  t h e  B a l t i c  S ea  (d en  H a rto g  I 9 6 8 ) an d  i n  N orw egian  
F jo rd s  (C. F i l i o n ,  p e r s o n a l  c o m m u n ic a tio n ) , w here  t i d a l  a m p litu d e s  a r e  
s m a l l  so  t h a t  p r e s s u r e  does n o t  i n c r e a s e  g r e a t l y  when th e  t i d e  comes i n .
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Some f u c o id s  a p p e a r  t o  b e  a d v e r s e ly  a f f e c t e d  b y  c o n s ta n t  su b m e rs io n  
t o  a  s h a l l o w .d e p th  a t  w h ich  l i g h t  i s  re d u c e d  b u t  s l i g h t l y ,  and  h y d ro ­
s t a t i c  p r e s s u r e  i s  u n im p o r ta n t .  G a il  (1 9 1 8 ) r e p o r t e d  t h a t  F . d i s t i c h u s  
s u b s p . e d e n ta tu s  d e c ay e d  when k e p t  subm erged  o n ly  0 . 3  m b e lo w  t h e  s e a  
s u r f a c e ,  and  F i s c h e r  (1929) fo u n d  t h a t  P e l v e t i a  and  F . s p i r a l i s  s lo w ly  
d ie d  a f t e r  b e in g  subm erged  i n  an  a r t i f i c i a l l y  c o n s t r u c te d  t i d e  p o o l .
The l a t t e r  r e s u l t  m ust b e  i n t e r p r e t e d  w ith  c a u t i o n ,  a s  f l u c t u a t i n g  
te m p e ra tu re  and  s a l i n i t y  w h ich  m ig h t o c c u r  i n  su ch  a p o o l  a r e  q u i t e  
u n l ik e  t h e  s t a b l e  c o n d ito n s  i n  t h e  s u b t i d a l  z o n e . N e v e r th e le s s ,  B ak er 
(1 9 1 2 ) r e p o r t e d  t h a t  P e l v e t i a  d e c ay e d  a f t e r  f o u r  w eeks i n  c u l t u r e  i f  
k e p t  subm erged  m ost o f  t h e  t im e ,  an d  t h e  same o c c u r r e d  i n  my c u l t u r e s ,  
i n  w h ich  te m p e ra tu re  an d  s a l i n i t y  f l u c t u a t i o n s  w ere  n e g l i g i b l e .  F . 
s p i r a l i s  t h r i v e d  in  a l l  c u l t u r e s , and  th u s  a p p e a rs  n o t  t o  r e q u i r e  t i d a l  
e x p o s u r e .
A lth o u g h  p h y s i c a l  f a c t o r s  s e t  d e m o n s tra b le  lo w e r  l i m i t s  o f  t h e  
p o t e n t i a l  r a n g e s  o f  f u c o i d s , t h e  a c t u a l  lo w e r  l i m i t s  o f t e n  l i e  much 
h ig h e r  on t h e  s h o r e .  F o r e x a m p le , F . s p i r a l i s  i s  a b u n d a n t o n ly  on t h e  
u p p e r  s h o re  a l th o u g h  i t  can  grow w e l l  n e a r  MTL ( P l a t e  1 2 ) and  even  n e a r  
low  w a te r  m ark (B urrow s & Lodge I 9 5 1 ) .  S i m i l a r l y ,  P e l v e t i a  t r a n s p l a n t e d  
t o  t h e  F. s p i r a l i s  zone re m a in e d  h e a l t h y  and  p ro d u c e d  r e c e p t a c l e s  a l th o u g h  
i t  a lm o s t n e v e r  o c c u rs  t h e r e  n a t u r a l l y .  I t  h a s  o f t e n  b e e n  s u g g e s te d  
t h a t  i n t e r s p e c i f i c  c o m p e t i t io n  b e tw e e n  fu c o id s  p la y s  an  im p o r ta n t  r o l e  
i n  t h e i r  o b s e rv e d  z o n a t io n  (B ak e r 1 9 0 9 ; Colman 1 9 3 3 ; Lew is 1964) and  
t h i s  h y p o th e s i s  i s  s u p p o r te d  by  t h e  o b s e rv e d  p a t t e r n  o f  c o lo n i z a t i o n  on 
new s u b s t r a t a  an d  e x p e r im e n ta l ly  c l e a r e d  t r a n s e c t s .  I n i t i a l l y  th e  
f u c o id s  a p p e a r  i n  a  random  a s s o r tm e n t  a lo n g  t h e  s h o re  g r a d i e n t  w i th  
many i n d iv i d u a l s  o u t  o f  t h e i r  u s u a l  z o n e s , and  t h e  no rm al z o n a t io n  
g r a d u a l ly  r e a p p e a r s  o v e r  a  p e r i o d  o f  s e v e r a l  y e a r s  a s  t h e  s ta n d s  m a tu re  
(K n ig h t & P a rk e  1 9 5 0 ; B urrow s & Lodge 1 9 5 1 ; den H a r to g  1 9 6 8 ) . Den 
H a rto g  even  fo u n d  P e l v e t i a  n e a r  MTL on a  new ly  c o n s t r u c te d  d ik e  s lo p e  
and  r e p o r t e d  t h a t  i t  s u b s e q u e n t ly  d is a p p e a re d  a s  th e  m id sh o re  f u c o id s  
fo rm ed  a  c lo s e d  can o p y . F u c o id s  hav e  a l s o  b e e n  shown t o  c o lo n iz e  
s u b s t r a t a  b e lo w  t h e i r  lo w e r  l i m i t s  a f t e r  an a p p a r e n t ly  s u p e r i o r  c o m p e t i to r  
i s  rem oved. o f  Fucus s p p . s e t t l e  and  g e rm in a te  on t h e  lo w e r
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sh o re  o f  New E ngland c o a s ts  a f t e r  th e  dom inant red. a lg a  Chon d r  ns 
c r is p u s  i s  removed (Menge 1975) s and F. s e r r a tu s  (jo rm lings o c c a s io n a l ly  
ap p ea red  in  e x p e r im e n ta l ly  c le a r e d  a re a s  w ith in  s u b t id a l  L am in aria  
h y p e rb o re a  f o r e s t s  (K ain  1 9 7 5 ) . In  th e  p r e s e n t  s tu d y ,  i t  was shown 
t h a t  P e lv e t i a  can s e t t l e ,  g e rm in a te  and grow n o rm ally  in  th e  _F. s p i r a l i s  
zone p ro v id e d  t h a t  F. s p i r a l i s  i s  weeded o u t.
B ak er (19O9 ) s u g g e s te d  t h a t  t h e  lo w e r  l i m i t  o f  e a ch  f u c o id  s p e c ie s  
i s  d e te rm in e d  by  t h e  p r e s e n c e  o f  a  l a r g e r  and  f a s t e r - g r o w in g  c o m p e t i to r .  
C e r t a i n l y ,  t h e  m id sh o re  s p e c i e s  a r e  t h e  m ost m a ss iv e  and  P e l v e t i a  t h e  
l e a s t  s o ,  a n d , w i th  t h e  p o s s i b l e  e x c e p t io n  o f  A sc o p h y llu m , t h e  r e p o r t e d  
g ro w th  r a t e s  o f  t h e  d i f f e r e n t  f u c o id  s p e c ie s  c o r r e l a t e  w i th  t h e i r  r e l a t i v e  
p o s i t i o n s  on t h e  s h o re  (T a b le  7 7 ) .  I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  F. 
s p i r a l i s  seem ed t o  e l i m i n a te  P e l v e t i a  from  t h e  _F. s p i r a l i s  zone by  
g ro w in g  t h r e e  t o  f o u r  t im e s  a s  f a s t  as  P e l v e t i a  and  fo rm in g  a  canopy  o v e r  i t .
This p a t t e r n  has em erged in  s e v e r a l  o th e r  s p e c i f i c  exam ples. For 
in s ta n c e  th e  F. s e r r a tu s  w hich a p p e a re d  s u b t id a l ly  a f t e r  th e  rem oval o f  
L am in aria  h y p e rb o re  a was su b se q u e n tly  outgrow n and co v ered  by a  new cro p  
o f  L a m in a r ia , and d is a p p e a re d  a f t e r  n in e  months (K ain  I 9 7 5 ) .  Hruby ( 1 9 7 6 ) 
has shown t h a t  I r i d a e a  c o rd a ta  i s  s im i la r ly  e l im in a te d  from  l e v e l s  below  
i t s  lo w er l i m i t  by th e  f a s te r -g ro w in g  a lg a  L am in aria  s a c c h a r in a .
H ow ever, c o m p e t i t iv e  s u p e r i o r i t y  i s  n o t  a lw ay s b a s e d  on s i z e  and  
g ro w th  r a t e s . C hondrus c r i s p u s  e x c lu d e s  t h e  l a r g e r  an d  f a s t e r - g r o w in g  
Fucus sp p . fro m  i t s  zone  b e c a u s e  i t s  h o l d f a s t s  f u s e ,  fo rm in g  a  c o n tin u o u s  
c r u s t  on th e  r o c k ,  on w h ich  Fucus zygotes, a p p a r e n t ly  c a n n o t s e t t l e  and  
g e rm in a te  (Menge 1 9 7 5 ) . I n  t h i s  c a s e ,  a b i l i t y  t o  occupy  a l l  a v a i l a b l e  
p r im a ry  s p a c e ,  r a t h e r  t h a n  t o  fo rm  a  canopy  seem s t o  b e  t h e  m ain 
c r i t e r i o n  o f  c o m p e t i t iv e  s u p e r i o r i t y .  H ow ever, p r im a ry  sp a c e  does n o t  
seem t o  b e  th e  c r i t i c a l  r e s o u r c e  i n  i n t e r s p e c i f i c  c o m p e t i t io n  b e tw e en  
f u c o id s .  V ery youpg  p l a n t s  may b e  crow ded i n  d en se  s ta n d s  on t h e  ro c k  
s u r f a c e ,  b u t  i n  m a tu re  s ta n d s  t h e  h o l d f a s t s  occupy  o n ly  a  s m a l l  p r o p o r t io n  
o f  t h e  a v a i l a b l e  p r im a ry  s p a c e .  I n  th e  c o m p e t i t io n  e x p e r im e n ts  on 
P e l v e t i a  and  _F. s p i r a l i s , t h e s e  s p e c ie s  c o e x is t e d  i n  t h e i r  e a r l i e s t  s t a g e s , 
and  P e l v e t i a  d e c l in e d  o n ly  l a t e r  when c o n s id e r a b le  s p a c e  was a v a i l a b l e  
b e tw e en  t h e  Fucus h o l d f a s t s .
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A n o th e r  p o s s ib l e  m echan ism  o f  e x c lu s io n  i s  t h e  sw eep in g  a c t i o n  o f  
t h e  s u p e r i o r  s p e c i e s '  f ro n d s  a s  t h e y  a r e  moved a b o u t b y  t h e  w av e s .
D ay ton  ( l9 T 5 ) show ed t h a t  t h e  k e lp  H edophyllnm  i s  e x c lu d e d  fro m  v e ry  
e x p o sed  c o a s t s  by  t h e  c o n t i n u a l  w h ip la s h  o f  th e  b la d e s  o f  a n o th e r  k e lp  
L e s s o n io p s i s . G e v v n 'lin g s  o f  u p s h o re  fu c o id s  m ig h t b e  s i m i l a r l y  rem oved 
from  th e  m id sh o re  by  th e  h e ay y  f ro n d s  o f  A scophy llum  an d  'Fucus sp p . 
H ow ever, b o u n d a r ie s  b e tw e en  f u c o id  zones a r e  commonly m ost d i s t i n c t  on 
s h e l t e r e d  s h o re s  (L ew is 1 9 6 4 ) ,  w here  s i g n i f i c a n t  w h ip la s h  i s  u n l i k e l y  
ow ing t o  t h e  l a c k  o f  wave a c t i o n .
In  t h e  c o m p e t i t io n  e x p e r im e n t a t  t h e  N o rth  S l i p ,  m ost o f  th e  
P e l v e t i a  u l t i m a t e l y  d i s a p p e a r e d  from  t h e  ed g es o f  t h e  w eeded t r a n s e c t s  
( P l a t e  20C) w h ich  s u g g e s t s  a t  f i r s t  g la n c e  t h a t  t h e  b la d e s  o f  F. 
s p i r a l i s  p l a n t s  a t t a c h e d  i n  t h e  unw eeded t r a n s e c t s  h a d  sw ept them  o f f .  
H ow ever, f o u r  m onths b e f o r e  t h e  p h o to g ra p h  was t a k e n ,  F. s p i r a l i s  h a d  
grow n l a r g e  enough t o  r e a c h  a l l  o f  t h e  P e l v e t i a  i n  t h e  w eeded  t r a n s e c t s ,  
y e t  P e l v e t i a  d i s a p p e a r e d  o n ly  fro m  t h e  ed g es o f  t h e  t r a n s e c t .  T h is  
s u g g e s ts  t h a t  l i g h t  i s  t h e  c r i t i c a l  f a c t o r ,  f o r  t h e s e  ed g es h a d  b e e n  
s h a d e d , a t  l e a s t  d u r in g  t i d a l  e x p o s u re ,  b y  t h e  Fucus b l a d e s . F u r th e r »  
m o re , t h e  few re m a in in g  P e l v e t i a  show ed th e  same d a rk  c o lo u r  as  t h e  
p l a n t s  c u l t u r e d  i n  s u b s a t u r a t i n g  i r r a d i a n c e s , and  t h i s  was a l s o  o b s e rv e d  
i n  o th e r  e x p e r im e n ts  i n  w h ich  P e l v e t i a  h ad  b e e n  sh a d e d  by  Fucus b la d e s  
( e g . P l a t e s  l 6 ,  IT )*  M easurem ents show ed t h a t  a  s i n g l e  l a y e r  o f  Fucus 
b la d e s  can  re d u c e  a v a i l a b l e  l i g h t  t o  a  s u b s a t u r a t i n g  l e v e l  ev en  d u r in g  
summer (T a b le  6 5 ) ;  h e n c e  i t  seem s l i k e l y  t h a t  f u c o id  s p o r e l in g s  b e n e a th  
a  canopy o f  a d u l t  p l a n t s  w ou ld  s u f f e r  c o n s id e r a b le  l i g h t  l i m i t a t i o n .  
T h e r e f o r e ,  t h e  l i n e a r  g row th  r a t e s  o f  t h e  e a r l i e s t  s t a g e s  a p p e a rs  t o  b e  
a  m a jo r  d e te r m in a n t  o f  c o m p e t i t iv e  a b i l i t y ,  s in c e  i t  c o n t r o l s  t h e i r  
a b i l i t y  t o  e s c a p e  from  t h e  sh a d e  o f  o v e r ly in g  a lg a e .  The e x c lu s io n  o f  
P e l v e t i a  fro m  t h e  m id sh o re  m ig h t b e  e x p la in e d  b y  t h e  e x tre m e ly  s lo w  g ro w th  
o f  i t s  em bryos i n  co m p a riso n  w i th  Fucus em bryos. The s c a r c i t y  o f  
s p i r a l i s  a t  and  b e lo w  MTL c a n  a l s o  b e  u n d e r s to o d ,  s in c e  i t s  g e rm lin g s  
grow l e s s  r a p i d l y  th a n  th o s e  o f  o th e r  Fucus s p e c i e s ,  r e q u i r i n g  a b o u t 
s i x  m onths t o  r e a c h  a l e n g t h  o f  10 mm in  n a tu r e  ( p e r s o n a l  o b s e r v a t io n ) .
By c o n t r a s t ,  g e rm lin g s  o f  Fucus v e s ic u lo s u s  and  _F. s e r r a t u s  may e x c e e d  
10 mm w i t h in  tw o m onths a f t e r  s e t t l e m e n t  (H a tto n  1 9 3 8 ; K n ig h t & P a rk e  
1 9 5 0 ) an d  w o u ld  p ro b a b ly  r a p i d l y  fo rm  a  canopy  o v e r  any F . s p i r a l i s  
;^jervi) l i n g s  g ro w in g  w i th  th em .
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I t  seems somewhat s u r p r i s in g  in  t h i s  c o n te x t t h a t  A scophyllum ,w hose 
embryos grow v e ry  s lo w ly , o f te n  becomes dom inant on th e  m idd le s h o re .
T his s u g g e s ts  t h a t  A scophyllum  g e rm lin g s a re  s p e c ia l ly .a d a p te d  to  
s u rv iv e  f o r  lo n g  p e r io d s  o f  tim e  in  l i g h t  to o  dim to  su p p o r t g row th .
S header & Moss (1975) found  t h a t  A scophyllum  embryos can rem ain  v ia b le
f o r  up to  n in e ty  days in  c o n tin u o u s  d a rk n e s s , b u t  t h i s  a b i l i t y  i s  a l s o  
d em o n stra ted  by Fucus d i s t i c h u s  (M cLachlan 1 9 7 4 ) ,  and F. s p i r a l i s  
(T ab le  6 7 ) .  Even P e lv e t i a  embryos can s u rv iv e  up t o  n in e ty  days in  
t o t a l  d a rk n e s s ,  and a t  l e a s t  e ig h t  months u nder a canopy o f  a d u l t  
P e l v e t i a . A p p a re n tly  th e  fo rm a tio n  o f  a canopy ov er th e  embryos does 
n o t k i l l  them , b u t  m ere ly  a r r e s t s  t h e i r  g ro w th . They m igh t be e x p e c te d
to  grow and develop  in to  v i s i b l e  p la n ts  w h erever th e  sh ad in g  canopy i s
removed by n a t u r a l  c a u s e s . S in ce  P e lv e t ia  n e v e r  ap p e a rs  in  b re a k s  in
th e  Fucus canopy, some o th e r  f a c t o r  seems to  remove any P e lv e t i a  w hich 
g e rm in a te s  b e n e a th  t h i s  canopy.
One v e ry  l i k e l y  f a c t o r  i s  g r a z in g .  T h e re  i s  c o n s id e r a b le  e v id e n c e  
t h a t  g a s tr o p o d s  e x e r t  a  p ro fo u n d  e f f e c t  on f u c o id  p o p u la t io n s  by  
n o n s e l e c t i v e l y  s c r a p in g  a l g a l  s p o re s  and  g e rm lin g s  fro m  t h e  ro c k  (Jo n e s  
1 9 4 6 , 1 9 4 8 ; N ew ell 1 9 5 8 ; S o u th w ard  1 9 6 2 ; Menge 1 9 7 5 ) . Jo n e s  and  
S o u th w ard  d e m o n s tra te d  t h a t  l im p e ts  can  k eep  an e n t i r e  s h o re  f r e e  o f  
a lg a e .  E x p e r im e n ta l  rem o v a l o f  t h e  l im p e ts  a llo w e d  a l g a l  r e c o l o n i z a t i o n ,  
an d  w i th in  a  y e a r  o r  two t h e  c l e a r e d  a r e a s  w ere  d o m in a te d  b y  f u c o i d s .
The l im p e ts  e v e n tu a l ly  r e tu r n e d  and p re v e n te d  f u r th e r  re c ru i tm e n t o f  
g e rm lin g s , so t h a t  th e  a l g a l  co v e r g ra d u a l ly  d is a p p e a re d  (Lodge 1 9 4 8 ; 
Southw ard 1 9 6 2 ) .
O ther sh o re s  a re  c h a r a c te r i z e d  by a F . s p i r a l i s  zone above th e  
zone c o n ta in in g  lim p e ts  (Grubb 1 9 3 6 , and p e r s o n a l  o b s e rv a tio n s  a t  
I s l e  o f  Cum brae), and th e  lo w er l i m i t  o f  F. s p i r a l i s  zone on such  sh o re s  
may be  d e te rm in e d  by l im p e t g ra z in g . L i t t o r i n e  s n a i l s  a ls o  s c ra p e  
a lg a l  g e rm lin g s from  th e  ro c k ,  and th e  l a r g e s t  and m ost v o ra c io u s  s p e c ie s  
re a c h  t h e i r  u pper l i m i t s  n e a r  MHWN (Moore 1 9 4 0 , Evans 1 9 4 7 b , N ew ell 1 9 5 8 ) . 
The o b s e rv a tio n  t h a t  dense  " tu rv e s "  o f  f u c o id  g erm lin g s  commonly o c c u r  
o n ly  above t h i s  l e v e l  su g g e s ts  t h a t  many zycjvtes t h a t  s e t t l e  low er down 
may be  e a te n  by s n a i l s .  Menge (1975 ) has shown t h a t  L i t t o r i n e  spp .
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c a u se  h e av y  m o r t a l i t y  i n  f u c o id  g e rm lin g s  on New E n g la n d  c o a s t s ,  an d  
t h a t  t h e  lo w e r  l i m i t s  o f  f u c o id s  a r e  d e te rm in e d  in  p a r t  b y  i n c r e a s i n g  
d e n s i t y  o f  s n a i l s  dow nsho re . W ith in  t h e  n o rm a l Ehcus z o n e , some 
z.y£)oC€i i n i t i a l l y  e s c a p e  g r a z in g  b y  s e t t l i n g  i n  s m a l l  c r e v i c e s ,  and  
s n a i l s  do n o t  s e r i o u s l y  damage g e rm lin g s  a f t e r  t h e y  re a c h  a  l e n g t h  o f  
30-50  mm. K n ig h t & P a rk e  (1950 ) r e p o r t e d  t h a t  g r a z in g  m o llu s c s  
c a u se  h ig h  cj-ü-rwling m o r t a l i t y  i n  B r i t i s h  f u c o i d s ,  and  t h a t  t h e  young  
p l a n t s  r e a c h  an e s c a p e  i n  s i z e  a t  a b o u t 30 mm. T h is  a lo n e  m ig h t b e  
s u f f i c i e n t  t o  e x p la in  t h e  a b se n c e  o f  P e l v e t i a  fro m  t h e  m id sh o re  w h e re v e r  
g r a z e r s  a r e  p r e s e n t ,  f o r  i t s  s lo w -g ro w in g  g e rm lin g s  rem a in  v u ln e r a b le  f o r  
ab o u t e ig h te e n  m onths b e f o r e  th e y  r e a c h  t h i s  s i z e .  A ls o ,  s in c e  
g e rm lin g s  o f  F . s p i r a l i s  grow m ore s lo w ly  th a n  th o s e  o f  o th e r  Fucus s p e c ie s  
r e l a t i v e l y  few  F . s p i r a l i s  m i^ i t  b e  e x p e c te d  t o  s u r v iv e  t o  m a tu r i t y  
a t  m id s h o re ,  and  t h e  o b s e rv e d  s c a r c i t y  o f  t h i s  s p e c ie s  a t  t h i s  l e v e l  i s  
n o t  s u r p r i s i n g .
G erjvolings m ig h t a l s o  e s c a p e  g r a z in g  b y  p a s s in g  th ro u g h  t h e i r  
m ost v u ln e r a b le  p h a s e  d u r in g  t h e  w in t e r  when th e  l i t t o r i n e s  a r e  much 
l e s s  a c t i v e  ow ing t o  low  s e a  te m p e ra tu re s  (N ew ell 1 9 5 8 ) . Fucus 
s e r r a t u s  r e l e a s e s  yawetej, i n  t h e  w i n t e r ,  and  t h e  l i n g s  grow
r a p i d l y ,  so  t h a t  t h e i r  c h a n c e s  o f  s u r v i v a l  on t h e  lo w e r  s h o re  a r e  
m ax im ized . By c o n t r a s t ,  P e l v e t i a  and  _F. s p i r a l i s  b o th  r e l e a s e  t h e i r
i n  summer when t h e  s n a i l s  a r e  m ost a c t i v e  and  w ou ld  p ro b a b ly  e a t  
t h e  m a jo r i t y  o f  t h e  gervvi l i n g s  b e f o r e  th e y  becom e m a c ro s c o p ic .
S in c e  A scophy llum  r e l e a s e s  i t s  «jtimitejs in  s p r in g  when th e  s n a i l s  a r e  
a c t i v e ,  and  A scophv llum  g e rm lin g s  grow v e ry  s lo w ly ,  why i s  t h i s  s p e c ie s  
so  s u c c e s s f u l  on th e  m id d le  s h o re ?  Menge (1975) r e p o r t e d  t h a t  s n a i l s  
w ou ld  e a t  Fucus b u t  n o t  A sco p h y llu m  i n  l a b o r a to r y  e x p e r im e n ts .  H ow ever, 
i t  i s  n o t  c e r t a i n  t h a t  n a t u r a l  p o p u la t io n s  o f  A sco p h y llu m  a r e  l e s s  
v u ln e r a b le  t o  g r a z in g  th a n  th o s e  o f  F u c u s , a s  G. M oore ( p e r s o n a l  
co m m un ica tion ) h a s  o b s e rv e d  g r a z e r  damage on b o th  s p e c i e s  a t  I s l e  o f  
Cum brae. I n d e e d ,  A sco p h y llu m  e s t a b l i s h e s  i t s e l f  o n ly  w ith  g r e a t  
d i f f i c u l t y  on new o r r e c e n t l y  c l e a r e d  s u b s t r a t a .  F a r  few e r <\e.rw\ l i n g s  
o f  A scophy llum  th a n  o f  Fucus s p p . s u r v iv e  t o  a  m a c ro sc o p ic  s i z e  ea ch  
y e a r  (H a tto n  1 9 3 8 ) ,  and  f o u r  t o  t h i r t y  y e a r s  may p a s s  b e f o r e  l a r g e
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A scophy llum  re o c c u p y  c l e a r e d  r o c k  s u r f a c e s  w i t h in  i t s  zone (M oore &
S p ro s to n  1 9 ^ 0 ; P r i n t z  1 9 5 6 ; K n ig h t & P a rk e  1 9 5 0 ; B a a rd s e th  196,8).
I t  i s  p o s s ib l e  t h a t  A scophyllum . g e rm lin g s  become e s t a b l i s h e d  in  th o s e  
y e a r s  when g r a z e r  p o p u la t io n s  a r e  u n u s u a l ly  lo w , and  t h a t  t h e s e  
g e rm lin g s  hav e  s p e c i a l  a d a p ta t i o n s  f o r  s u r v iv in g  and  g ro w in g  b e n e a th  
t h e  Fucus canopy  t h a t  i n e v i t a b l y  fo rm s o v e r  th em . The r e s u l t  o f  
one c u l t u r e  e x p e r im e n t  (T a b le  75) s u g g e s te d  t h a t  A sco p h y llu m  em bryos 
a r e  m ore c a p a b le  o f  g ro w in g  i n  dim l i g h t  th a n  th o s e  o f  Fucus s p p ,  
b u t  th e  d a ta  a r e  to o  s c a n ty  t o  b e  c o n s id e r e d  c o n c lu s iv e .
One im p o r ta n t  c h a r a c t e r i s t i c  o f  A scophy llum  i s  i t s  l o n g e v i ty .  
I n d iv i d u a l  f ro n d s  l i v e  f i v e  t o  f i f t e e n  y e a r s  (D av id  1 9 4 3 ) ,  and  t h e  
h o l d f a s t  may l i v e  f o r  s e v e r a l  d e c a d e s ,  p ro d u c in g  new b a s a l  s h o o ts  
a s  o ld  ones a r e  l o s t  (B a a rd s e th  1 9 6 8 ) . Young p l a n t s  su ch  a s  th o s e  
shown i n  P l a t e  23 w o u ld  t h e r e f o r e  o u t l i v e  any Fucus canopy  w h ich  fo rm s 
o v e r  th e m , and  w ou ld  e v e n tu a l l y  fo rm  t h e i r  own canopy  an d  r e s t r i c t  
t h e  d e v e lo p m e n t o f  f u r t h e r  g e n e r a t i o n s  o f  F u c u s . Menge (1975) h a s  
a l s o  fo u n d  s m a l l ,  h e a l t h y  A sco p h y llu m  p l a n t s  g ro w in g  b e n e a th  a  canopy 
o f  F u c u s , and  H a tto n  (1938) r e p o r t e d  a  se q u en c e  o f  _F. v e s ic u lo s u s  
fo l lo w e d  b y  A sco p h y llu m  d u r in g  r e c b l o n i z a t i o n  o f  e x p e r im e n ta l ly  
c l e a r e d  a r e a s .  C o m p e te tiv e  dom inance b a s e d  on l o n g e v i ty  i s  a l s o  
d e m o n s tra te d  b y  L a m in a r ia  h y p e r b o r e a . When s ta n d s  o f  t h i s  s u b t i d a l  
dom inan t a r e  c l e a r e d ,  t h e y  a r e  i n i t i a l l y  r e p l a c e d  b y  t h e  f a s t e r -  
g ro w in g  a n n u a l S a c c h o r iz a  p o l y s c h i d e s , and  _L. h y p e rb o re a  r e t u r n s  and  
fo rm s a  canopy  a f t e r  a b o u t tw o y e a r s  b e n e a th  w h ich  f u r t h e r  g e n e r a t io n s  
o f  S a c c h o r iz a  do n o t  d e v e lo p  (N o rto n  & B urrow s 1 9 6 9 ; K ain  1 9 7 5 ) .
U n lik e  A sc o p h y llu m , P e l v e t i a  c a n n o t  o u t l i v e  th e  f a s t - g r o w in g  Fucus s p e c i e s ,  
and  t h i s  may e x p la in  why i t  does n o t  a p p e a r  even  o c c a s i o n a l l y  i n  b r e a k s  
o r  o p e n in g s  i n  t h e  Fucus canopy .
S e v e r a l  f a c t o r s  a p p e a r  t o  c o n t r i b u t e  t o  t h e  e x c lu s io n  o f  P e l v e t i a  
from  th e  m id d le  s h o r e .  The c o m p e t i t io n  e x p e r im e n ts  showed t h a t  i t  i s  
r a p i d l y  overg ro w n  b y  Fucus b e n e a th  w hich  i t  c a n n o t grow  an d  may b e  
v u ln e r a b le  t o  g r a z in g .  H ow ever, t h e  w in te r t im e  d e c l i n e  o f  P e l v e t i a  
t r a n s p l a n t e d  t o  th e  m id sh o re  p ro b a b ly  r e s u l t e d  n e i t h e r  from  c o m p e t i t io n ,  
s in c e  no canopy h a d  fo rm ed  o v e r  th e m , n o r  from  g r a z i n g ,  s in c e  l i t t o r i n e  
s n a i l s  a r e  l e a s t  a c t i v e  d u r in g  w i n t e r  (N ew ell 1958) and  h a d  n o t  e a te n
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th e  t r a n s p l a n t s  d u r in g  th e  p re c e d in g  summer and autum n. The t r a n s p l a n t s  
a p p ea red  to  succumb to  o th e r  c a u s e s ,  p o s s ib ly  th e  a d v e rse  e f f e c t s  o f  
e p ip h y te s ,  o r  some d is e a s e  o rgan ism  w hich cau ses  decay . O b se rv a tio n s  
o f  P e lv e t i a  in  t i d a l  s im u la tio n  c u l tu r e s  showed t h a t  b o th  decay and th e  
grow th o f  e p ip h y te s  may be enhanced  by  p ro lo n g ed  t i d a l  subm ersion  and 
by  th e  h ig h  w in te r t im e  n u t r i e n t  c o n c e n tr a t io n s  in  th e  s e a . P e lv e t i a  
m ight depend upon p ro lo n g e d  t i d a l  exposu re  to  r e s t r i c t  th e  grow th o f  
h a rm fu l o rg a n ism s; c e r t a i n l y ,  f a r  few er e p ip h y te s  seem to  grow on 
P e lv e t i a  p la n ts  i n  n a tu re  th a n  on m idshore Fucus p l a n t s . I t  i s  
i n t e r e s t i n g  to  n o te  t h a t  A scophyllum  a ls o  b e a rs  f a r  few er e p ip h y te s  
th a n  do Fucus sp p . T h is may b e  im p o rta n t to  th e  s u r v iv a l  o f  th e  
young p la n ts  w hich m ust p e r s i s t  f o r  v e ry  lo n g  p e r io d s  o f  tim e  b e n e a th  
a  Fucus canopy.
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GENERAL.DISCUSSION AND CONCLUSIONS
I n  t h e  i n t r o d u c t i o n ,  t h e  p ro b le m  o f  s p e c i e s  z o n a t i o n  on t h e  s h o r e  
was d i s c u s s e d  w i t h  r e g a r d  t o  t h e  fu n d a m e n ta l  and  r e a l i z e d  n i c h e s  o f  
t h e  s p e c i e s  ' i n v o lv e d .  I t  was h y p o t h e s i z e d  t h a t  t h e  u p p e r  l i m i t  o f  
each  s p e c i e s  m ig h t  be  d e te r m in e d  b y  i t s  t o l e r a n c e  t o  p h y s i c a l  s t r e s s ,  
and  i t s  lo w e r  l i m i t  by  a  s u p e r i o r  c o m p e t i t o r .  T h is  h y p o t h e s i s  h a s  
b e e n  fo u n d  t o  b e  l a r g e l y  b u t  n o t  w h o l ly  t r u e .  On t h e  I s l e  o f  Cum brae, 
t h e  u p p e r  l i m i t s  o f  A s c o p h y l lu m , F^ . s p i r a l i s  an d  P e l v e t i a  a p p e a r  t o  b e  
g o v e rn e d  l a r g e l y  b y  t h e i r  a b i l i t i e s  t o  t o l e r a t e  p r o lo n g e d  d e s i c c a t i o n ,  
as  s t r e s s  damage i s  o b s e r v e d  i n  i n d i v i d u a l  p l a n t s  a t  t h e i r  u p p e r  l i m i t s  
f o l l o w i n g  a  p e r i o d  o f  s e v e r e  d e h y d r a t i o n .  H ow ever, no su ch  d r o u g h t -  
damaged i n d i v i d u a l s  w ere  o b s e r v e d  a t  t h e  more i l l - d e f i n e d  u p p e r  l i m i t s  
o f  F. v e s i c u l o s u s  an d  F. s e r r a t u s , w h ic h ,  a t  I s l e  o f  Cumbrae, l i e  w e l l  
be low  t h e  c r i t i c a l  l e v e l  o f  MHWN. K n ig h t  (194 t ) fo u n d  t h a t  b o t h  o f  
t h e s e  s p e c i e s  grow more s lo w ly  n e a r  t h e i r  u p p e r  d i s t r i b u t i o n a l  l i m i t s  
t h a n  t h e y  do f u r t h e r  d o w n sh o re ,  and  a t t r i b u t e d  t h i s  t o  t h e  e f f e c t s  o f  
t i d a l  e x p o s u re .  S i m i l a r l y ,  H a t to n  (1938) h a s  shown t h a t  A scophy llum  
an d  F. v e s i c u l o s u s  grow more s lo w ly  n e a r  t h e i r  u p p e r  l i m i t s  t h a n  t h e y  
do downshore u n l e s s  t h e y  a r e  g row ing  i n  clumps w h ich  e n s u r e  some 
m u tu a l  p r o t e c t i o n  from  d e s i c c a t i o n .  I n  s i m u l a t e d  t i d a l  c u l t u r e s ,
Z* s e r r a t u s  grew p r o g r e s s i v e l y  more s lo w ly  w i t h  i n c r e a s i n g  e x p o s u re  
t im e  (T a b le  4%), an e f f e c t  a t t r i b u t a b l e  l a r g e l y  t o  n u t r i e n t  l i m i t a t i o n .
I t  seems l i k e l y  t h e r e f o r e  t h a t  t h e  c o m p e t i t i v e  a b i l i t y  o f  e a c h  o f  t h e s e  
s p e c i e s  d e c r e a s e s  w i t h  d i s t a n c e  u p s h o r e ,  so  t h a t  b e t t e r  a d a p te d  f u c o i d s  
m ig h t  e x c lu d e  them  from  h i g h e r  l e v e l s .  C e r t a i n l y ,  Lewis (1964) h a s  
o b s e rv e d  t h a t  dense  s t a n d s  o f  F. s p i r a l i s  on t h e  u p p e r  s h o re  may somewhat 
d e p r e s s  t h e  u p p e r  l i m i t  o f  A sc o p h y l lu m . I t  may a l s o  be  s i g n i f i c a n t  
t h a t  on t h e  I s l e  o f  Cumbrae F. v e s i c u l o s u s  does n o t  e x te n d  as  h ig h  as 
i t  does on s h o r e s  w here  A scophy llum  i s l e s s  a b u n d a n t  (Evans l 9 4 T a ,  1947b)
S in c e  P e l v e t i a  and  F. s p i r a l i s  a r e  r e s t r i c t e d  t o  n a rro w  zones 
n e a r  t o  t h e i r  t o l e r a n c e  l i m i t s , i t  m ig h t  b e  s u p p o s e d  t h a t  t h e y  a r e  a l s o  
l i v i n g  u n d e r  s u b o p t im a l  c o n d i t i o n s .  How ever, t h e y  grow a lm o s t  as  
r a p i d l y  w i t h i n  t h e i r  zones  as t h e y  do when t r a n s p l a n t e d  dow nshore o r  
when c u l t u r e d  i n  c o n s t a n t  s u b m e rs io n .  A p p a r e n t l y ,  u p s h o re  c o n d i t i o n s
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a r e  f a v o u r a b l e  t o  t h e i r  g ro w th  m ost o f  t h e  t i m e ;  i n d e e d  i t  h a s  b e e n  
o b s e rv e d  t h a t  i t  i s  o c c a s i o n a l  e x tre m e s  o f  p r o lo n g e d  d e s i c c a t i o n  
r a t h e r  t h a n  t y p i c a l  d a y - t o - d a y  c o n d i t i o n s  w h ich  g o v e rn  t h e i r  u p p e r  
l i m i t s .
One f a c t o r  w h ich  m ig h t  c o n t r i b u t e  t o  t h i s  d i f f e r e n c e  b e tw e e n  t h e  
m id s h o re  and  t h e  u p s h o re  f u c o i d s  i s  t h e  d i f f e r e n t  d e n s i t y  o f  t h e i r  
s t a n d s .  The t h i n  c o v e rs  o f  P e l v e t i a  and  F. s p i r a l i s  d ry  q u i c k l y ,  t h u s  
a v o id in g  t h e  d a n g e ro u s  s i t u a t i o n  o f  b e i n g  o n ly  p a r t i a l l y  d e h y d r a t e d  
d u r in g  e x p o s u re  t o  h o t  w e a t h e r .  T h is  i s  a  v i a b l e  s t r a t e g y ,  a s  t h e s e  
two s p e c i e s  can  s u r v i v e  a i r - d r y n e s s  f o r  a  r e l a t i v e l y  l o n g  p e r i o d  o f  t i m e .  
The m id s h o re  s p e c i e s ,  w h ich  c a n n o t  s u r v i v e  a i r - d r y n e s s  f o r  more t h a n  .a 
few h o u r s ,  grow i n  much t h i c k e r  s t a n d s  w h ich  d ry  more s lo w ly .  O r d i n a r i l y ,  
t h i s  w ou ld  b e  a d v a n ta g e o u s  as  t h e y  a r e  re su b m e rg e d  t w i c e  d a i l y  and  can  
a v o id  s e v e r e  d e h y d r a t i o n  a l t o g e t h e r  s im p ly  by  d r y in g  s lo w ly .  H ow ever, 
t h e r e  m ig h t  b e  sub l e t h a l  e f f e c t s  o f  e x p o s u re  w h ich  w o u ld  r e s u l t  i n  s lo w e r  
g row th  r a t e s  on t h e  u p p e r  p a r t  o f  t h e  m id sh o re  w here  t i d a l  e x p o s u re s  
a r e  l o n g e r .
The o r i g i n a l  h y p o t h e s i s  r e g a r d i n g  s p e c i e s  z o n a t i o n  a l s o  a p p e a r s  
t o  b e  e s s e n t i a l l y  v a l i d  w i t h  r e g a r d  t o  lo w e r  l i m i t s .  P e l v e t i a  and  
t h e  t h r e e  Fucus s p e c i e s  make up a  s e r i e s  w hich  d e m o n s t r a t e s  an  i n v e r s e  
c o r r e l a t i o n  b e tw e en  »d r o u g h t  t o l e r a n c e  (P e l v e t i a  > F. s p i r a l i s  > 
v e s i c u l o s u s  > 1^ . s e r r a t u s  ) , and  a b i l i t y  t o ‘ compete, f o r  l i g h t  a s  
ju d g e d  b y  growth- r a t e s  ( P e l v e t i a ' .  <-F_. s p i r a l i s  < 2» v e s i c u l o s u s  <
F. s e r r a t u s ) ,  and  t h i s  s e r i e s  c o r r e l a t e s  l o g i c a l l y  w i t h  t h e i r  o r d e r  o f  
o c c u r r e n c e  on t h e  s h o r e .  The s c a r c i t y  o f  s p i r a l i s  dow nshore seems 
t o  r e s u l t  f rom  i t s  c o m p e t i t i v e  i n f e r i o r i t y  w h i l e  K  s e r r a t u s  a p p e a r s  
t o  d o m ina te  t h e  l o w e s t  l e v e l s  b y  g row ing  v e r y  r a p i d l y .  H ow ever, t h e  
t h r e e  Fucus s p e c i e s  do n o t  d e m o n s t r a t e  c o m p e t i t i v e  e x c l u s i o n  i n  i t s  
s t r i c t e s t  s e n s e ,  a s  t h e i r  r a n g e s  o v e r l a p .  By c o n t r a s t ,  F .  s p i r a l i s  
seems t o  e x c lu d e  P e l v e t i a  e n t i r e l y  from  t h e  F. s p i r a l i s  z o n e ,  p o s s i b l y  
b e c a u s e  t h e  two s p e c i e s  d i f f e r  much more d r a m a t i c a l l y  i n  g row th  r a t e s  
t h a n  do F. s p i r a l i s  an d  s e r r a t u s . However, no m echanism  h a s  b e e n  
d e m o n s t r a t e d  b y  w h ich  s p i r a l i s  a c t u a l l y  e l i m i n a t e s  P e l v e t i a ; h e n c e  
o t h e r  f a c t o r s  m u s t  a l s o  b e  i n v o lv e d .
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I t  seems l i k e l y  t h a t  g r a z i n g  by  i n t e r t i d a l  m o l lu s c s  r e i n f o r c e s  
t h e  z o n a t i o n  p a t t e r n .  The s n a i l s  a r e  l a r g e r  and  more num erous on t h e  
lo w e r  s h o re  t h a n  a t  h i g h e r  l e v e l s , and  a r e  a c t i v e  f o r  much l o n g e r  
owing t o  l o n g  t i d a l  s u b m e r s io n .  s e r r a t u s  can  cope w i t h  t h i s  g r a z i n g
p r e s s u r e ,  a s  i t  r e l e a s e s  i t s  a. nié tes: i n  w i n t e r  when h e r b i v o r o u s  
l i t t o r i n e s  a r e  l e a s t  a c t i v e ,  a n d  t h e  cjev^wi.lings grow v e r y  r a p i d l y  and  soon 
a t t a i n  an e s c a p e  i n  s i z e .  S p e c ie s  g row ing  a t  h i g h e r  l e v e l s  grow more 
s lo w ly  i n  t h e i r  em bryonic  p h a s e s  and  a r e  t h e r e f o r e  more v u l n e r a b l e  t o  
g r a z i n g ,  p a r t i c u l a r l y  b e c a u s e  t h e y  r e l e a s e  t h e i r  (jamties; when t h e  g r a z e r s  
a r e  a c t i v e .  The e x t r e m e ly  s lo w -g ro w in g  g e rm l in g s  o f  P e l v e t i a  m ig h t  
succumb even  t o  v e r y  l i g h t  g r a z i n g  p r e s s u r e ,  e s p e c i a l l y  i f  a  Fucus 
canopy fo rm s o v e r  th em  and  f u r t h e r  c u r t a i l s  t h e i r  g r o w th .
I t  i s  i n t e r e s t i n g  t o  n o t e  a t  t h i s  p o i n t  t h a t  a l g a l  z o n a t i o n  may 
b e  p r o f o u n d l y  i n f l u e n c e d  b y  h i g h e r  t r o p h i c  l e v e l s  as w e l l .  F o r  e x a m p le ,  
c a r n i v o r e s  may p e r m i t  t h e  dev e lo p m en t o f  an a l g a l  zone b y  consum ing  
g r a z e r s  w hich  m i ^ t  o t h e r w i s e  d e v a s t a t e  a l g a l  s t a n d s  , o r  b y  rem ov ing  
m u s s e l s  w hich  w ou ld  o t h e r w i s e  occupy  a l l  a v a i l a b l e  p r im a ry  s p a c e  
( P a in e  1 9 7 1 ,  1 9 7 4 ;  D ayton  1975)* The outcom e o f  any o f  t h e s e  
b i o t i c  i n t e r a c t i o n s  depends  upon t h e  s p e c i a l  b i o l o g i c a l  c h a r a c t e r i s t i c s  
o f  t h e  s p e c i e s  i n v o l v e d ,  w h ich  c a n n o t  e a s i l y  b e  i n c o r p o r a t e d  i n t o  
p r e d i c t i v e  m odels  (D ay ton  1973. ) .  Dayton h a s  shown, f o r  i n s t a n c e ,  
t h a t  t h e  s t a r f i s h  D i s a s t e r , b y  d i s p e r s i n g  more p r e y  t h a n  i t  e a t s ,  
s u p p l i e s  fo o d  t o  t h e  s t a t i o n a r y  anemone A n t h o p l e u r a , w h e re as  an  
e c o l o g i c a l  m odel w o u ld  p r e d i c t  t h a t  t h e  two c a r n i v o r e s  w ou ld  com pete  
f o r  t h e i r  fo o d  s u p p ly .  T h is  i l l u s t r a t e s  t h e  im p o r ta n c e  o f  e x a m in in g  
c a r e f u l l y  t h e  b i o l o g i c a l  s t r a t e g y  o f  each  s p e c i e s  i n  o r d e r  t o  u n d e r s t a n d  
why and  how i t  o c c u p ie s  i t s  r e a l i z e d  n i c h e .
The f u c o i d s  s e g r e g a t e  i n t o  tw o w e l l - d e f i n e d  g ro u p s  w i t h  r e g a r d  t o  
t h e i r  b i o l o g i c a l  s t r a t e g i e s .  A l l  t h r e e  Fucus s p e c i e s  can  b e  d e s c r i b e d  
a s  " f a s t - g r o w i n g  c o m p e t i t o r s " ,  a s  t h e i r  embryos an d  m a c ro s c o p ic  
g a r m l i n g s  grow r a p i d l y  i n  l e n g t h ,  and  t h e i r  b r o a d ,  d ic h o to m o u s ly  
b r a n c h i n g  b l a d e s  fo rm  a  c l o s e d  canopy  b e f o r e  t h e  p l a n t s  r e a c h  t h e  age 
o f  one y e a r .  By c o n t r a s t , ^  P e l v e t i a  and  A scophy llum  grow much more 
s lo w ly  i n  l e n g t h ,  e s p e c i a l l y  d u r in g  t h e i r  em bryon ic  s t a g e s ,  and  
t h e i r  n a r ro w  f r o n d s  a r e  l e s s  e f f e c t i v e  t h a n  Fucus b l a d e s  i n  fo rm in g  a  
canopy . P e l v e t i a  a v o id s  c o m p e t i t i o n  a l t o g e t h e r  b y  o c c u p y in g  a  h a b i t a t
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i n  •which o t h e r  f u c o i d s  c a n n o t  s u r v i v e . How ever, A scophy llum  i n h a b i t s  
t h e  m id d le  s h o r e ,  and  i t  m ust employ a  v e ry  d i f f e r e n t  s t r a t e g y  from  
Fucus s p p ,  a s  i t s  embryos grow v e r y  s lo w ly  and v e r y  few  o f  i t s  
^ ^ ^ m l in g s  e s t a b l i s h  th e m s e lv e s  s u c c e s s f u l l y  on t h e  s h o r e .  A sco p h y llu m  
a p p a r e n t l y  co m p e n sa te s  f o r  t h i s  d i s a d v a n t a g e  b y  p r o d u c in g  m a s s iv e  p l a n t s  
w i t h  a  v e r y  lo n g  l i f e s p a n .  Not o n ly  do t h e  i n d i v i d u a l  f r o n d s  l i v e  f o r  
a t  l e a s t  t e n  y e a r s , b u t  t h e  l a r g e  h o l d f a s t  p e r s i s t s  f o r  s e v e r a l  d e c ad e s  
and  i n i t i a t e s  new f r o n d s  t o  r e p l a c e  o l d  ones as t h e y  a r e  l o s t  ( B a a r d s e th  
1 9 6 8 ) .  F o r  t h i s  r e a s o n ,  once  e s t a b l i s h e d ,  A scophy llum  r e q u i r e s  a 
s u c c e s s f u l  r e c r u i t m e n t  o f  young  p l a n t s  o n ly  once  e v e r y  t e n  o r  tw e n ty  
y e a r s  i n  o r d e r  t o  p e r s i s t .  I n  c o n t r a s t .  Fucus p l a n t s  l i v e  f o r  o n ly  
t h r e e  o r  f o u r  y e a r s  (K n ig h t  & P a rk e  1 9 5 0 ;  Subrahm anyan 1 9 6 1 ) ; h e n c e  
t h e s e  s p e c i e s  r e l y  on a  s u c c e s s f u l  a n n u a l  r e c r u i t m e n t  t o  p e r s i s t .  
F u r th e r m o r e ,  i t  i s  d i f f i c u l t  f o r  Fucus sp p .  t o  become e s t a b l i s h e d  
w i t h i n  an A sco p h y llu m  " f o r e s t "  owing t o  t h e  l a r g e  s i z e  and  lo n g  l i f e s p a n  
o f  t h e  A scophy llum  p l a n t s .
B oth  t h e  " r a p i d  g ro w th "  and  t h e  " s lo w  g ro w th "  s t r a t e g i e s  can  b e  
e f f e c t i v e  u n d e r  a d v e r s e  e n v i r o n m e n t a l  c o n d i t i o n s , a s  i s  e x e m p l i f i e d  
by  P e l v e t i a  and  _F. s p i r a l i s . _F. s p i r a l i s  a p p e a r s  t o  b e  a  t y p i c a l
" g e n e r a l i s t "  whose w ide  e c o l o g i c a l  a m p l i tu d e  a l lo w s  i t  t o  occupy  a 
h a b i t a t  i n  w h ich  i t s  c o m p e t i t o r s  c a n n o t  s u r v i v e .  F . s p i r a l i s  i s  
a p p a r e n t l y  c h a r a c t e r i z e d  b y  c o n s i d e r a b l e  p h y s i o l o g i c a l  f l e x i b i l i t y ,  
a s  i t  a d a p t s  s u c c e s s f u l l y  t o  n u t r i e n t  l i m i t a t i o n  i n  c u l t u r e  (T a b le  4 8 ) ,  
and  d e m o n s t r a te s  a  s e a s o n a l  d r o u g h t  t o l e r a n c e .  Not o n ly  can  i t  become 
m ark e d ly  d r o u g h t - h a r d e n e d  w i t h i n  s i x  d a y s , b u t  a l s o  i t  can  resum e r a p i d  
g row th  p ro m p t ly  upon t h e  r e t u r n  o f  f a v o u r a b le  c o n d i t i o n .  T h is  
f l e x i b i l i t y  p e r m i t s  F. s p i r a l i s  t o  s u r v i v e  s e v e r e  s t r e s s ,  y e t  r e t a i n  
s u f f i c i e n t  c o m p e t i t i v e  a b i l i t y  t o  d o m in a te  i t s  own zone and  t o  o c c u r  
o c c a s i o n a l l y  dow nsho re .  S in c e  downshore p l a n t s  commonly r e a c h  
r e p r o d u c t i v e  m a t u r i t y , t h e y  may a c t  as  an im p o r t a n t  r e s e r v e  i n  c a s e  
e x tre m e  c o n d i t i o n s  d e s t r o y  much o f  t h e  u s u a l  F . s p i r a l i s  zone as 
o c c u r r e d  i n  1975 . How ever, t h e r e  a l s o  a p p e a r s  t o  b e  a  d i s a d v a n t a g e  
t o  p h y s i o l o g i c a l  f l e x i b i l i t y .  P e r c e n t  d ry  m a t t e r  d e c r e a s e d  c o n s i d e r a b l y  
d u r in g  t h e  r a p i d  g row th  o f  t h e  d r o u g h t  h a r d e n e d  p l a n t s  ( T a b le  4 3 ) ,  and 
" d e h a r d e n in g "  m ig h t  h a v e  o c c u r r e d  c o n c u r r e n t l y . T h e r e f o r e ,  a  sudden
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p r o lo n g e d  d e s i c c a t i o n  f o l l o w i n g  a p e r i o d  o f  r a p i d  g row th  u n d e r  
f a v o u r a b l e  c o n d i t i o n s  m ig h t  k i l l  many p l a n t s ,  and  t h i s  a p p a r e n t l y  
h a p p e n ed  each  s p r i n g  and  a g a in  i n  A ugust  19T6 ( F i g u r e s  5 , 7 , 9 ) .
U n l ik e  F. s p i r a l i s , P e l v e t i a  a p p e a r s  t o  b e  s p e c i f i c a l l y  a d a p te d  
t o  i t s  e x tre m e  h a b i t a t .  I t s  f u n d a m e n ta l  n i c h e  i s  r e l a t i v e l y  n a r r o w ,  
e x te n d i n g  no lo w e r  t h a n  MIL, and  i t  i s  such  a  p o o r  c o m p e t i t o r  t h a t  
i t  c a n n o t  in v a d e  t h e  _F. s p i r a l i s  z o n e ,  even  w here  t h e r e  a r e  t e m p o r a r y  
b r e a k s  i n  t h e  can o p y .  F u r th e r m o r e ,  P e l v e t i a  i s  v e r y  w e l l  e q u ip p e d  t o  
s u r v i v e  p r o lo n g e d  e x p o s u r e .  I t  d e m o n s t r a te s  g r e a t  d r o u g h t  t o l e r a n c e  
a l l  y e a r  r o u n d ,  and  t h u s  i s  l e s s  l i k e l y  t o  b e  k i l l e d  by  a  sudden  
s t r e s s  f o l l o w i n g  a  p e r i o d  o f  f a v o u r a b l e  c o n d i t i o n s .  P e l v e t i a  a p p e a r s  
t o  p o s s e s s  s p e c i a l  b i o c h e m ic a l  a d a p t a t i o n s  t o  d r o u g h t , a l t h o u ^  
t h e s e  have  n o t  y e t  b e e n  e l u c i d a t e d ,  and  t h e  c h a n n e l l e d  t h a l l u s  a p p e a r s  
t o  s e r v e  a  d o u b le  f u n c t i o n .  I t  p r o t e c t s  z y g o te s  f ro m  e x c e s s i v e l y  r a p i d  
d e h y d r a t i o n ,  y e t  i t  d r i e s  f a s t e r  t h a n  t h e  t h a l l i  o f  t h e  o t h e r  f u c o i d s ,  
t h u s  m in im iz in g  m e t a b o l i c  i n j u r y  d u r in g  e x p o s u re  t o  h o t  w e a t h e r .
C l e a r l y ,  P e l v e t i a  h a s  a d o p te d  a  " s p e c i a l i s t "  s t r a t e g y  b y  w h ich  i t  
grows a lm o s t  op t im aJ- ly  i n  a  h a b i t a t  so  i n h o s p i t a b l e  t h a t  a l l  i t s  
p o t e n t i a l  c o m p e t i t o r s ,  i n c l u d i n g  F. s p i r a l i s , a r e  e x c lu d e d .
The s tu d y  o f  s p e c i e s  z o n a t i o n  i n  i n t e r t i d a l  f u c o i d s  h a s  b e e n  
p a r t i c u l a r l y  i n s t r u c t i v e ,  a s  s e v e r a l  d i f f e r e n t  b i o l o g i c a l  s t r a t e g i e s  
have  b e e n  d e m o n s t r a t e d .  On t h e  m id d le  s h o r e .  Fucus s p p ,  s u c c e e d  by  
means o f  r a p i d  g row th  r a t e s  and  a h ig h  a n n u a l  s p o r e l i n g  r e c r u i t m e n t ,  
w h i l e  A scophy llum  p r o s p e r s  b y  v i r t u e  o f  i t s  v e r y  l o n g  l i f e s p a n  and  
l a r g e  s i z e .  On t h e  u p p e r  s h o r e ,  d i f f e r e n t  form s o f  d ro u g h t  t o l e r a n c e  
a r e  e x h i b i t e d  b y  t h e  g e n e r a l i s t  F . s p i r a l i s  and  t h e  s p e c i a l i s t  P e l v e t i a .
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A ppend ix  A. C u l t u r e  medium
The f o l l o w i n g  p r o c e d u r e  f o r  p r e p a r i n g  e n r i c h e d  s e a w a te r  medium 
was recommended h y  P r o f e s s o r  A. D. Boney o f  U n i v e r s i t y  o f  G lasgow , and  
was u s e d  f o r  a l l  c u l t u r e  w ork :
S o l u t i o n  A: 905 ml f i l t e r e d  s e a w a te r
50 ml O.hfo NaMO^ s o l u t i o n  
2 ml o f  e a c h  o f  t h e  f o l l o w i n g  :
MnSO^.4 5 ^ 0 ,1 .47 g / I  
C u 8 0 ^ . 5 E g 0 , 0 . 0 2 3  g / 1  
CoClg.ÜHgO,0 .0 6 4  g / 1  
Alg (SO^l^.lÔH^O, 0 .0 2 3  g /1  
L iC l  0 .0 0 5  g / 1
Z n S O ^ . 7 5 ^ 0 , 4 .98 g /1 
N a2M o0^.2H g0,0 .25 g / 1
S o l u t i o n  B: 15 ml o f  a  s o l u t i o n  c o n t a i n i n g :
2 .6  g / 1  d iso d iu m  s a l t  o f  EDTA, and
0 .1 2  g / 1  EeSO^.lHgO
S o l u t i o n  C : 15 ml o f  a  1 . 5  g / 1  s o l u t i o n  o f  Na^HPO^. ISH^O
V ita m in  s o l u t i o n :
1 ml o f  a  s o l u t i o n  c o n t a i n i n g :  
cy a n o c o h a la m in  1 .6  mg/1 
h i o t i n  0 . 8  mg/1 
t h i a m i n  «HCl 20 mg/1
N o rm ally  t h e s e  f o u r  s o l u t i o n s  a r e  a u t o c l a v e d  s e p a r a t e l y ,  c o o le d  
and com bined , b u t  t h i s  c o u ld  n o t  c o n v e n i e n t l y  b e  done w i t h  t h e  l a r g e  
volum es o f  medium r e q u i r e d  i n  t h e  p r e s e n t  w ork . P r o f e s s o r a l .  D. Boney 
s u g g e s t e d  a s  an  a l t e r n a t i v e  t h e  f o l l o w i n g  p a s t e u r i z a t i o n  p r o c e d u r e  
w h ich  was u s e d  f o r  t h e  m ed ia  p r e p a r e d  f o r  a l l  c u l t u r e  w ork . The 
f o u r  s o l u t i o n s  w ere  made u p ,  com bined  i n  t h r e e  t o  f i v e  l i t r e  b a t c h e s ,  
an d  h e a t e d  t o  75°C o v e r  a  b u r n e r .  The f l a s k s  w ere  t h e n  c o o le d  t o  
room t e m p e r a t u r e  i n  a  c o l d  w a t e r  b a t h ,  r e h e a t e d  t o  75°C an d  c o o le d  
a g a in  b e f o r e  u s e .  T h is  m ethod  k i l l s  e s s e n t i a l l y  a l l  a l g a l  s p o r e s  
a l t h o u g h  i t  does n o t  e l i m i n a t e  a l l  b a c t e r i a l  c o n ta m in a t io n .
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A ppendix E . R e p r o d u c ib i l i ty  o f  w et w eig h t
m easurem ent and so u rc e s  o f  e r r o r
The m easu rem en t  o f  w e t w e ig h t  i s  s u b j e c t  t o  two p o t e n t i a l  s o u r c e s  
o f  e r r o r .  F i r s t l y ,  some o f  t h e  w a t e r  c l i n g i n g  . to  t h e  p l a n t  may n o t  b e  
rem oved , o r  some o f  t h e  w a t e r  i n  t h e  i n t e r c e l l u l a r  s p a c e s  may b e  
s q u e e z e d  o u t ,  d e p e n d in g  upon t h e  p r e s s u r e  u s e d  i n  b l o t t i n g  t h e  a l g a  
b e f o r e  w e ig h in g .  T h is  w ou ld  p r o d u c e  a  random e r r o r ,  a s  t h e  p r e s s u r e  
a p p l i e d  w ou ld  n o t  b e  a b s o l u t e l y  c o n s t a n t .  S e c o n d ly ,  t h e  p o l y s a c c h a r i d e  
m a t r i x  on t h e  t h a l l u s  s u r f a c e  m ig h t  b e  s t r i p p e d  o f f  b y  each  b l o t t i n g ,  
so  t h a t  a  p r o g r e s s i v e  ■ d e c r e a s e  w ou ld  o c c u r  i n  a  s e r i e s  o f  r e p l i c a t e  
w e ig h in g s  o f  a  g iv e n  p l a n t .  Two t e s t s  w ere  u n d e r t a k e n  t o  d e te r m in e  how 
r e p r o d u c i b l e  t h e  m e a s u re d  w et w e ig h t  i s ,  and  t o  a s c e r t a i n  w h e th e r  t h e  
rem o v a l  o f  p o l y s a c c h a r i d e s  b y  b l o t t i n g  i s  s i g n i f i c a n t .  I n  t h e  f i r s t  
t e s t ,  f i f t y  p l a n t s  each  o f  Fucus s p i r a l i s  and  P e l v e t i a  w ere  w e ig h e d ,  
re su b m e rg e d  f o r  a b o u t  30 -6 0  m i n u t e s ,  and  w e ig h e d  a g a i n .  The p e r c e n t  
d i f f e r e n c e  b e tw e e n  t h e  two w e ig h in g s  o f  each  p l a n t  was c a l c u l a t e d  as
se c o n d  w t . -  f i r s t  w t . X 100#f i r s t  w t .
The r e p r o d u c i b i l i t y  o f  t h e  w et w e ig h t  m easu rem en t was e s t i m a t e d  from  
t h e  a b s o l u t e  v a lu e  o f  t h i s  p e r c e n t a g e ,  t h e  mean o f  w h ich  was l e s s  t h a n  
1# f o r  b o t h  s p e c i e s  (T a b le  78 )• The l o s s  o f  s u r f a c e  p o l y s a c c h a r i d e s  
i n  b l o t t i n g  was i n v e s t i g a t e d  b y  t a k i n g  t h e  mean o f  t h e  p e r c e n t  d i f f e r e n c e s  
and  by  p e r f o r m in g  a  s i g n  t e s t ,  an d  was fo u n d  t o  b e  n e g l i g i b l e  ( T a b le  7 8 ) .
T a b le  7 8 : S t a t i s t i c a l  a n a l y s i s  o f  d i f f e r e n c e  b e tw e e n  two
w e ig h in g s  t a k e n  on e a ch  o f  f i f t y  P e l v e t i a  and 
f i f t y  J l .  s n i r a l i s . Mean ± s t a n d a r d  d e v i a t i o n  
o f  d i f f e r e n c e s  b e tw e e n  f i r s t  w e ig h in g  ( a )  and  
s e c o n d  w e ig h in g  ( b ) .  S ig n  t e s t  v a lu e s  shown a r e  
n o t  s i g n i f i c a n t ,  as  p = O.O5 a t  1 ,9 6
S p e c ie s
P e l v e t i a  
F . s p i r a l i s
A b s o l u t e  v a lu e  o f  
d i f f e r e n c e  b e tw e e n  
w e ig h in g s
= ! ( ¥ ] "
D i f f e r e n c e  
b e tw een  
w e ig h in g s  
rB-AÏ
A X 100#
0 .7 1  ± 0 .5 8  
0 . 5 8  ± 0 . 5 2
- 0 .1 0  + 0 .9 1  
+0 .0 5  ± 0 .7 8
S ig n  t e s t  
v a lu e
1 .3 3
1 .0 1
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I n  t h e  se c o n d  t e s t ,  f i v e  p l a n t s  each  o f  P. s n i r a l i s  an d  P e l v e t i a , 
and  f o u r  o f  A sconhy llum  w e re  e a ch  w e ig h e d  f i v e  t im e s  and  r e s u b m e rg e d  
b e tw e e n  s u c c e s s i v e  w e i g h in g s .  An a n a l y s i s  o f  v a r i a n c e  was u s e d  t o  
compare t h e  v a r i a n c e  b e tw e e n  s u c c e s s i v e  w e ig h in g s  ( e r r o r  a r i s i n g  from  
s t r i p p i n g  o f  p o l y s a c c h a r i d e s  b y  b l o t t i n g )  w i t h  r e s i d u a l  v a r i a n c e  
( random  e r r o r )  and  w i t h  t h e  v a r i a n c e  b e tw e en  d i f f e r e n t  p l a n t s .  T here  
was no c o n s i s t e n t  downward t r e n d  i n  t h e  o b s e rv e d  w e ig h t s  i n  any o f  t h e  
s p e c i e s ,  an d  v a r i a n c e  b e tw e e n  s u c c e s s i v e  w e ig h in g s  was s i g n i f i c a n t l y  
g r e a t e r  t h a n  r e s i d u a l  v a r i a n c e  o n ly  i n  F. s p i r a l i s  (T a b le  7 9 ) .  B o th  
s o u r c e s  o f  e r r o r  w ere  v e r y  s m a l l  i n  c o m p a r iso n  w i th  a c t u a l  d i f f e r e n c e s  
i n  w e ig h t  b e tw e e n  t h e  i n d i v i d u a l  p l a n t s  o f  t h e  s a m p le .
T a b le  79 : A n a l y s i s  o f  v a r i a n c e  i n  w e ig h ts  o f  f i v e  P e l v e t i a
p l a n t s , f i v e  2» s p i r a l i s  p l a n t s  and  f o u r  A scophy llum  
p l a n t s ,  e a ch  w e ig h e d  f i v e  t i m e s .  S i g n i f i c a n c e  o f  
F. v a l u e s :  ** -  p  ^ < 0 .0 1  = p « ' 0 . 0 0 1 .
P e l v e t i a
S o u rc e  o f  v a r i a n c e
d e g r e e s  o f  
f re e d o m
sum o f  
s q u a re s
mean
s q u a r e s f ( 4 , i 6)
R e p l i c a t e s  ( d i f f e r e n c e  
b e tw e en  p l a n t s )
W eigh ings  ( re m o v a l  o f  
p o l y s a c c h a r i d e s  by 
b l o t t i n g )
R e s i d u a l  (random  e r r o r )
S o u rc e  o f  v a r i a n c e
k 6 .3 1  X 10 ^
k 3 .1 0  X 10“ ^ 
l 6  6 .0 0  X lO "^
Fucus s p i r a l i s
d e g re e s  o f  sum o f  
f re e d o m  s q u a re s
1 .5 8  X 10"^
7 .7 5  X 10“ ^
3 .7 5  X 10“ ^
mean
s q u a r e s
10500***
2 .0 7
F ( 4 , l 6 )
R e p l i c a t e s 4 9 .4 6  X 10“ ^ 2 .3 6  X 10” ^ 1063***
W eigh ings 4 4 .9 3  X 10“ ^ 1 .2 3  X 10“ ^ 5 . 54**
R e s i d u a l l 6 3 .5 6  X 10“ ^ 2 .2 3  X 10” ^
A scophy llum 0
d e g re e s  o f sum o f mean
S o u rc e  o f  v a r i a n c e freed o m s q u a re s s q u a r e s F
R e p l i c a t e s 3 2 .2 3  X 10“ ^ 7 .4 3  X 10” ^ 177900***
W eigh ings 4 6 .7 3  X  1 0 " ? 1 .6 2  X  10“ ^ 0 .3 1 5
R e s i d u a l 12 5 .0 2  X  10“ ^ 4 .1 8  X  10" ^
I t  was c o n c lu d e d  from  t h e s e  t e s t s  t h a t  t h e  w et w e ig h t  m easu rem en t  
i s  o f  a d e q u a te  a c c u r a c y  f o r  t h e  p r e s e n t  i n v e s t i g a t i o n .
190
A ppend ix  G. D e s ig n  o f  t i d a l  s i m u l a t o r
The t i d a l  s i m u l a t o r  i s  shown d i a g r a m m a t i c a l ly  i n  F ig u r e  38.
T h ree  c u l t u r e  t a n k s  ( a )  o f  tw e n ty  l i t r e  c a p a c i t y  w ere  c o n s t r u c t e d  o f  
g l a s s  p l a t e s  s e a l e d  t o g e t h e r  i n  a  p l a s t i c  a q u a r iu m  fram e w i t h  Dow 
C o rn in g  S i l i c o n e  R ubber  Aquarium  S e a l e r .  Each t a n k  was d r a i n e d  tw i c e  
d a i l y  by  a  b r a s s  s o l e n o i d  v a lu e  (b )  t y p e  5D N 4i6nS/1/1  by  M a g n e t ic  
D e v ic es  L td .  , w h ich  was open ed  and  c l o s e d  a u t o m a t i c a l l y  b y  a  Sm ith  
A u to s e t  c lo c k .  When t h e  v a lv e  was opened  t h e  w a t e r  i n  t h e  t a n k  d r a i n e d  
i n t o  a  l a r g e  f i b r e g l a s s  s t o r a g e  t a n k  (c )  t h r o u g h  P o r t e x  S h o re  80 
p l a s t i c  t u b i n g ,  I 5 mm i n t e r n a l  d i a m e te r .  The t h r e e  c u l t u r e  t a n k s  w ere  
r e f i l l e d  a u t o m a t i c a l l y  t w i c e  d a i l y  by  a B e d fo rd  O t t e r  s u b m e r s ib l e  
pump ( d ) ,  c o n t r o l l e d  b y  a  f o u r t h  a u to m a t i c  c l o c k .  The pump d e l i v e r e d  
t h e  medium t o  t h e  c u l t u r e  t a n k s  v i a  a  m a n i f o ld  ( e )  c o n s t r u c t e d  o f  
P o r t e x  p l a s t i c  t u b i n g  and  tw o p l a s t i c  "Y" c o n n e c t io n s  ( f ) .  A sc rew  
clam p (g) was p l a c e d  on e a ch  i n l e t  so  t h a t  a d ju s t m e n t s  c o u ld  b e  made 
t o  b a l a n c e  t h e  i n f l o w  t o  t h e  t h r e e  t a n k s , Each i n l e t  c o n n e c te d  t o  a  
g l a s s  t h im b le  ( h ) ,  t h e  c l o s e d  end  o f  w hich  e x te n d e d  a lm o s t  t o  t h e  b o t to m  
o f  t h e  t a n k  and  was p e r f o r a t e d  w i t h  a  number o f  s m a l l  h o l e s .  T h is  
d e s ig n  p r e v e n t e d  e x c e s s i v e  t u r b u l e n c e  and  s p l a s h i n g  when t h e  t a n k s  w ere  
r e f i l l e d .
B ecause  o f  t h e  d e s ig n  o f  t h e  A u to s e t  c l o c k s ,  t h e  pump c o u ld  n o t  
b e  t u r n e d  o f f  l e s s  t h a n  one h o u r  a f t e r  b e in g  t u r n e d  o n ,  and t h i s  i s  much 
l o n g e r  t h a n  t h e  t im e  r e q u i r e d  t o  f i l l  t h e  t a n k s . T h e r e f o r e , e a ch  th im b le  
was e q u ip p e d  w i t h  an o v e r f lo w  o u t l e t  ( i )  i n  o r d e r  t o  r e t u r n  t h e  e x c e s s  
t o  t h e  s t o r a g e  t a n k .  A s m a l l  h o l e  ( j )  i n  t h e  u p p e r  s u r f a c e  o f  t h e  
o u t l e t  p r e v e n t e d  a  vacuum fro m  d e v e lo p in g  w h ich  w o u ld  o t h e r w i s e  d i s r u p t  
t h e  f lo w .
A g l a s s  w ool f i l t e r  (k )  was i n c l u d e d  i n  t h e  i n l e t  t u b e  b e f o r e  t h e  
f i r s t  "Y" c o n n e c t io n  i n  o r d e r  t o  remove s u s p e n d e d  d ia to m s  fro m  t h e  
medium and  t h u s  r e d u c e  c o n ta m in a t io n .
Each c u l t u r e  t a n k  was c o v e re d  w i t h  a  g l a s s  p l a t e  C l ) , l e a v i n g  a 
gap o f  a b o u t  3 cm a t  one end  f o r  t h e  i n l e t .
O),
D)
C5) I
,-J l
T 5
OO
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N
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F ig u r e  39 P o s i t i o n s  o f  p h o t o r e c e p t o r  u s e d  f o r  l i g h t  m easu rem en ts  
i n  t i d a l  s i m u l a t o r .  F ig u r e  shows f i r s t  c u l t u r e  t a n k  
v iew ed  end o n ;  t h e  o t h e r  tw o l i e  d i r e c t l y  b e h in d  i t .
The c lo c k  w h ich  c o n t r o l l e d  t h e  pump was s e t  t o  r e f i l l  t h e  t a n k s  
a t  noon and  m id n ig h t  e a ch  d ay . The v a lv e  o f  e a c h  t a n k  was t h e n  s e t  t o  
open t w ic e  d a i l y  f o r  one h o u r .  S in c e  each  v a lv e  was o p e r a t e d  
i n d e p e n d e n t l y  by a  s e p a r a t e  c l o c k ,  t h e  t h r e e  t a n k s  c o u ld  b e  d r a i n e d  a t  
d i f f e r e n t  t i m e s ,  t h u s  p r o v i d i n g  t h r e e  d i f f e r e n t  " t i d a l "  r e g im e s .
A t o t a l  o f  e i g h t y  l i t r e s  o f  1 /1 0  medium was u s e d ,  and
t e n  l i t r e s  w ere  w i th d ra w n  from  t h e  s t o r a g e  t a n k  and  r e p l a c e d  w i t h  f r e s h  
medium e v e ry  t h r e e  o r  f o u r  d a y s .  The medium i n  e a ch  o f  t h e  t h r e e  
c u l t u r e  t a n k s  w ere  a e r a t e d  and  a g i t a t e d  by a i r  pumps.
I l l u m i n a t i o n  was p r o v id e d  b y  f o u r  s i x - f o o t  A t l a s  d a y l i g h t  f l u o r e s c e n t  
t u b e s ,  two on e i t h e r  s i d e  o f  t h e  t a n k s .  The f u c o i d s  i n  t h e  t i d a l  
s i m u l a t i o n  a p p a r a tu s  w ere  t h e r e f o r e  i l l u m i n a t e d  l a t e r a l l y  r a t h e r  t h a n  
f rom  above as  i n  o t h e r  c u l t u r e  w ork . I r r a d i a n c e  n e a r  t h e  f r o n t  o r  
b a c k  w a l l  o f  t h e  t a n k  was 3^ m g -c a l /c m  -m in  from  t h e  n e a r  t u b e s  ( r e c e p t o r  
o f  p h o to m e te r  i n  p o s i t o n  A, f i g u r e  3 9 ) ,  and  10 -1 3  m g -c a l /c m ^ -m in  from  
t h e  d i s t a n t  p a i r  o f  t u b e s  ( p o s i t i o n  B ). N ear  t h e  c e n t r e  o f  t h e  t a n k ,  
l a t e r a l  i r r a d i a n c e  was a b o u t  21 m g -c a l /c m  -m in  from  each  p a i r  o f  t u b e s  
( p o s i t i o n s  C and  D ) . I r r a d i a n c e  from  above ( p o s i t i o n  E) was much l e s s ,  
a b o u t  5*5 m g -c a l /c m  -m in .  A d d i t i o n a l  l i g h t i n g  from  above c o u ld  n o t  b e  
p r o v id e d  b e c a u s e  o f  t h e  p r e s e n c e  o f  t h e  somewhat b u lk y  i n l e t  m a n i f o ld  
above t h e  t a n k s .
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A ppend ix  D. T o x i c i t y  t e s t  on p l a s t i c s  u s e d  i n  
t i d a l  s i m u l a t o r
F u c o id  z y g o te s  w ere  c u l t u r e d  w i t h  e a ch  o f  t h e  t h r e e  p l a s t i c  
m a t e r i a l s  u s e d  i n  t h e  c o n s t r u c t i o n  o f  t h e  t i d a l  s i m u l a t o r  an d  t h e i r  
g row th  r a t e s  w ere  com pared  w i t h  t h o s e  o f  c o n t r o l  c u l t u r e s .  T h is  was 
done t o  d e te r m in e  w h e th e r  s u b s t a n c e s  l e a c h i n g  o u t  o f  t h e  p l a s t i c s  
m ig h t  a f f e c t  t h e  g ro w th  o f  f u c o i d s .  The e x p o s u re  o f  t h e  medium t o  
each  p l a s t i c  i n  t h e  t i d a l  a p p a r a t u s  was c a l c u l a t e d  as  mm p l a s t i c  
s u r f a c e  i n  c o n t a c t  w i t h  medium p e r  l i t r e  o f  mediijm. S m a ll  sam p les  
o f  t h e  p l a s t i c  w ere  a d d ed  t o  t h e  medium o f  each  t e s t  c u l t u r e ,  an d  t h e  
s i z e  o f  t h e  sam ple  was s e l e c t e d  so  as  t o  g iv e  a  r a t e  o f  e x p o s u re  
g r e a t e r  t h a n  t h a t  r e a l i z e d  i n  t h e  t i d a l  s i m u l a t o r .
The f i b r e g l a s s  m a t e r i a l  o f  w h ich  t h e  s t o r a g e  t a n k  was c o n s t r u c t e d  
s l i g h t l y  i n h i b i t e d  t h e  g ro w th  o f  F . s p i r a l i s , w h ich  was t h e  o n ly  s p e c i e s  
t e s t e d  (T a b le  8o) .  S i l i c o n e  r u b b e r  s l i g h t l y  e n h a n c e d  t h e  g ro w th  o f  
A scophy llum  and  t h r e e  s p e c i e s  o f  F u c u s , w h i l e  t h e  e f f e c t s  o f  P o r t e x  
t u b i n g  on t h e s e  f o u r  s p e c i e s  w ere  i n c o n s i s t e n t  (T a b le  8 0 ) .
T a b le  80 ; Growth o f  f u c o i d  embryos i n  p r e s e n c e  and  a b s e n c e  o f
t h r e e  p l a s t i c  m a t e r i a l s  u s e d  i n  t i d a l  s i m u l a t o r .  T a b le  
g i v e s  means and  s t a n d a r d  d e v i a t i o n  o f  l e n g t h s  o f  t h i r t y  
t o  s i x t y  embryos i n  each  t r e a t m e n t .
e x p o s u re  i n e x p o s u re c u l t u r e l e n g t h l e n g t h
t i d a l  s i m u l a t o r  i n  t e s t p e r i o d w i t h w i t h o u t  ■
M a t e r i a l mm^/L c u l t u r e s p e c i e s days p l a s t i c p l a s t i c
F i b r e g l a s s 15,600 38,000 F . s p i r a l i s 20 598 ± l 4o 683 ± 116
(2t  h r s / d a y ) (24 h r s / d a y 538 ±119 615 ± 153
P o r t e x 4 ,T10 4,650 F . s p i r a l i s 24 656 ± 95 605 ± 78
t u b i n g ( 4 h r s / d a y ) (24 h r s / d a y ) F . v e s i c u l o s u s 24 535 ± 100 759 ± 154
F . s e r r a t u s 24 1208 ± 301 1349 ± 227
A scophy llum 24 206 ± 44 214 ± 47
S i l i c o n e 2,720 4,650 F. s p i r a l i s 24 710 ± 142 605 ± 78
r u b b e r (24 h r s / d a y ) (24 h r s / d a y ) F. v e s i c u l o s u s 24 871 ± 181 759 ± 154
a q u a r iu m F . s e r r a t u s 24 1491 ± 333 1349 ± 227
s e a l e r A scophy llum 24 297 ± 66 214 ± 47
S in c e  t h e  t e s t  e x p o s u re s  w ere  g r e a t e r  t h a n  t h o s e  r e a l i z e d  i n  t h e  t i d a l  
s i m u l a t o r ,  and  s i n c e  em bryon ic  s t a g e s  a r e  g e n e r a l l y  t h e  m ost s e n s i t i v e  
t o  t o x i n s ,  t h e  e f f e c t  o f  t h e  p l a s t i c s  on t h e  p l a n t s  c u l t u r e d  i n  t h e  
t i d a l  a p p a r a t u s  w ere  p r o b a b l y  l e s s  t h a n  t h o s e  shown i n  T a b le  80  ^ and
w ere  c o n s i d e r e d  a c c e p t a b l e .
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A ppend ix  E . D e r i v a t i o n  o f  mean c o r r e c t i o n  f a c t o r s  f o r  
e s t i m a t i n g  s u r f a c e  a r e a  i n ' P e l v e t i a  a n d ' 
A scophy llum  from  p h o to c o p y .
I . P e l v e t i a  c a n a l i c u l a t a
The t h i c k n e s s ,  i n s i d e  w id th  and  o u t s i d e  w id th  o f  tw e n ty  c r o s s  
s e c t i o n s  o f  P e l v e t i a  axes  w ere  m easu red ,-  as  i n  F i g u r e  kO A, N ext t h e  
mean o f  t h e  two w id th s  was c a l c u l a t e d ,  and  a  new f i g u r e  c o n s t r u c t e d  
from  t h e  mean w id th  and  t h e  t h i c k n e s s  ( F ig u r e  4o B) w h ic h  h a s  t h e  same 
p e r i m e t e r  an d  a r e a  a s  t h e  o r i g i n a l  c u rv e d  c r o s s  s e c t i o n .  The s u r f a c e  
t o  volume r a t i o  was t h e n  c a l c u l a t e d  by  d i v i d i n g  t h e  p e r i m e t e r  b y  t h e  
a r e a .  The mean s u r f a c e  t o  volume r a t i o  o f  t h e  tw e n ty  ax es  s e c t i o n e d
mean w id thi n s i d e
w id th
th ic k n e s s^
o u t s i d e
w id th
t h i c k n e s s
A
F ig u r e  kO
B
D im ensions  u s e d  t o  c a l c u l a t e  p e r i m e t e r  o f  P e l v e t i a  
- c r o s s  s e c t i o n .
2 3 *was 3 .8 1  mm /mm . T h is  v a lu e  was d i v i d e d  b y  t h e  mass d e n s i t y  o f  
P e l v e t i a  ( fo u n d  t o  b e  1 .0 8 g /m £ ,  mean o f  se v en  d e t e r m i n a t i o n s )  t o  o b t a i n  
a  s u r f a c e  t o  mass r a t i o  o f  4 .1 2  ± 0 ,5 3  mm /mg.
The mean s u r f a c e  t o  mass r a t i o  c a l c u l a t e d  from  t h e  w e ig h t s  and  
u n c o r r e c t e d  p h o to c o p y  a r e a s  o f  tw e n ty - o n e  o th e p  P e l v e t i a  t h a l l i  was 
3 .0 4  ± 0 .1 5  mm /mg. The c o r r e c t i o n  f a c t o r  was c a l c u l a t e d  by  d i v i d i n g  
t h e  mean o b t a i n e d  f rom  t h e  tw e n ty  s e c t i o n e d  axes  by  t h i s  m ean , i . e .
4 .1 2 / 3 ,0 4  -  1 . 3 6 .
I I .  A scophy llum  nodosum
The f r o n d s  o f  t h i s  s p e c i e s  a r e  a p p r o x im a te ly  e l l i p t i c a l - c y l i n d r i c a l  
and  t h e  p h o to co p y  image c o n s i s t s  o f  a  p r o j e c t i o n  o f  t h i s  c y l i n d e r  w i t h  
t h e  m a jo r  e l l i p t i c a l  a x i s  p a r a l l e l  t o  t h e  p h o to co p y  s h e e t .  Thus t h e
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c o r r e c t i o n  f a c t o r  i s  e q u a l  t o : ~
( p e r i m e t e r  o f  e l l i p s e ) / ( 2  x  l e n g t h  o f  m a j o r , a x i s )
The m a jo r  and  m in o r  ax e s  o f  t h e  e l l i p t i c a l  c r o s s  s e c t i o n s  o f  
t h i r t y  A scophy llum  t h a l l i  w e re  m e a su re d  w i th  a  m ic r o m e te r  c a l i p e r , 
and  t h e  e l l i p s e  p e r i m e t e r  was c a l c u l a t e d  b y  m a th e m a t ic a l  a p p ro x im a t io n ,  
The v a lu e  o f  t h e  c o r r e c t i o n  f a c t o r  f o r  t h e s e  t h i r t y  t h a l l i  was 1 . 1 5 ,  
w i t h  95% c o n f i d e n c e  l i m i t s  o f  1 . 1 3 - 1 . 1 7 .
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A ppend ix  F . C a l c u l a t i o n  o f  i n i t i a l  w e ig h t  change  c a u s e d  
~by in c o m p le t e  r e i m b i b i t i o n  o f  w a t e r  an d  t y  
l o s s  o f  t i s s u e  d ry  m a t t e r .
A = p e r c e n t  d ry  m a t t e r  i n  p l a n t s  as  c o l l e c t e d  
B = p e r c e n t  d ry  m a t t e r  i n  p l a n t s  a f t e r  a i r - d r y i n g  and 
r e s o a k i n g  o v e r n i g h t .
C = r a t i o  o f  d ry  w e ig h t  m e a s u re d  a f t e r  a i r - d r y i n g  and  r e s o a k i n g  
t o  w e t  w e ig h t  b e f o r e  a i r - d r y i n g ,  e x p r e s s e d  as  a  p e r c e n t a g e ,  
a ,  b c a r e  d e f i n e d  as  t h e  same p a r a m e te r s  e x p r e s s e d  as f r a c i t o n s , 
AI . e .  a 100% '
I n c o m p le te  r e i m b i b i t i o n  a c t i n g  a lo n e  w ou ld  r e s u l t  i n  an  i n i t i a l  
p e r c e n t  w e ig h t  change  e q u a l  t o  :
(w et w e ig h t  a f t e r  a i r - d r y i n g  and  r e s o a k i n g ) - ( o r i g i n a l  w e t w e i g h t ) 
( o r i g i n a l  w e t  w e ig h t )
X 100%
w e t w e ig h t  a f t e r  a i r - d r y i n g  '' 
and  r e s o a k i n g _________________
d ry  w e ig h t
o r i g i n a l  w et w e ig h t
d ry  w e ig h t
o r i g i n a l  w e t w e ig h t  
d ry  w e ig h t
 ^ fwet w e ig h t  a f t e r  a i r - d r y i n g  
and  r e s o a k i n g
d ry  w e ig h t
o r i g i n a l  w e t  w e ig h t  '
-  1
d ry  w e ig h t
X  100%
X 100%
X  100% = X  100% = X  100%
y
S t r i c t l y ,  t h i s  f o rm u la  c an  b e  d e r i v e d  o n ly  i f  l o s s  o f  t i s s u e  d ry  
m a t t e r  i s  i n i t i a l l y  assum ed  n o t  t o  o c c u r ;  o t h e r w i s e  t h e  t e r m  " d ry  
w e ig h t"  i s  n o t  d e f i n e d .  H ow ever, t h e  f i n a l  ,f o rm u la  r e m a in s  v a l i d  
r e g a r d l e s s  o f  w h e th e r  t h e r e  i s  l o s s  o f  t i s s u e  d ry  m a t t e r  o r  n o t  d u r in g  
r e s o a k i n g .  The amount o f  w a t e r  r e im b ib e d  p e r  g r a q  o f  r e m a in in g  d ry  m a t t e r
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(•^-1 can be  com pared w ith  th e  o r ig i n a l  amount o f  w a te r  p e r  gram o f  
dry m a tte r  (-^ - ] ) .  I f  a  = b ,  r e im b ib i t io n  i s  c o n s id e re d  co m p le te , and 
th e  i n i t i a l  w e ig h t lo s s  i s  e n t i r e l y  cau sed  by lo s s e s  o f  t i s s u e  s u b s ta n c e . 
I f  b > a , th e n  in c o m p le te  r e a b s o r p t io n  by th e  rem a in in g  d ry  m a t te r  h as  
c o n t r ib u te d  to  th e  i n i t i a l  w e ig h t l o s s .
Loss o f  t i s s u e  dry  m a tte r  r e s u l t s  in  an i n i t i a l  p e rc e n t w e ig h t 
change e q u a l to  :
'’d ry  w e ig h t m easured  
a f t e r  a i r - d r y in g  and 
re s o a k in g  ______ I
^ o r ig in a l  w e ig h t ' 
o f  d ry  
m a tte r
( o r i g i n a l  w e ig h t o f  d ry  m a tte r )
X 100%
r 'd ry  w e ig h t m easured o r i g i n a l  w eig h t
a f t e r  a i r - d r y in g  and o f  d ry
re s o a k in g m a tte r
o r i g i n a l  w et w e ig h t o r i g i n a l  w et w eig h t
( O r ig in a l  w e ig h t o f  d ry  m a t t e r ) 
( o r i g i n a l  w et w e ig h t)
X 100%
= (^  ) X  100% = (“  -1  ) X  100% X 100%
The main so u rc e  o f  e r r o r  i s  th e  f a c t  t h a t  A can n o t be  m easured  w ith  
th e  same s e t  o f  p la n t s  u sed  t o  m easure B and C. P la n ts  w hich have b een  
d r ie d  over s i l i c a  g e l to  o b ta in  p a ra m e te r  A have b een  s u b je c te d  to  an 
u n n a tu ra l ly  s e v e r e ,  l e t h a l  d e h y d ra t io n ,  and th e  v a lu e s  o f  B and C w hich 
w ould be o b ta in e d  by re s o a k in g  and  re d ry in g  th e s e  w ould n o t be  e c o lo g ic a l ly  
r e l e v a n t .  T h e re fo re ,  A m ust b e  e s t im a te d  u s in g  a  seco n d  s e t  o f  p la n ts  
c o l l e c t e d  a t  th e  same tim e  and from  th e  same p la c e  as th e  s e t  u sed  to  
o b ta in  B and G. The u s e fu ln e s s  o f  t h i s  m ethod i s  th e r e f o r e  l i m i t e d  by 
th e  v a r i a b i l i t y  o f  th e  t h r e e  p a ra m e te rs .  A d i f f e r e n c e  betw een  A and B, 
o r  A and C was c o n s id e re d  p o s i t i v e  ev id en ce  o f  in c o m p le te  r e h y d ra t io n  
and lo s s  o f  c e l l  su b s ta n c e s  r e s p e c t iv e ly  o n ly  when th e  d i f f e r e n c e  was 
s i g n i f i c a n t  a t  th e  5% l e v e l  by th e  t - t e s t .
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